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ABSTRACT 
 
The objectives of this study were to investigate the variability in the physical and 
mechanistic properties of HMA due to production, characterize and compare the mechanistic 
properties of roadway cores and laboratory compacted samples, develop the relationship 
between modulus from in situ NDT and those obtained from laboratory tests on roadway 
cores, and compare air voids measurements between laboratory and field test methods. Six 
ongoing rehabilitation projects in Louisiana were selected, in each of which several test 
sections were tested.  Comparative analyses were conducted on density measurements 
between two laboratory (AASHTO T-166 and ASTM D6752-02, or Vacuum sealing) and one 
in situ test (Pavement Quality Indicator) methods. Three types of nondestructive in situ test 
(NDT) devices, Falling Weight Deflectometer (FWD), Light Falling Weight Deflectometer 
(LFWD), and Potable Seismic Pavement Analyzer (PSPA) were conducted on asphalt layers. 
Four laboratory mechanistic tests including Indirect Tensile Strength test (ITS), Indirect 
Tensile Resilient Modulus test (ITMr), Frequency Sweep at Constant Height test (FSCH), and 
Loaded Wheel Tracking (LWT) test were conducted on roadway cores and/or Superpave 
Gyratory Compactor (SGC) samples. High variation was observed in mixture composition 
and air voids, as well as mechanistic properties along the mixture production. A strong 
correlation was observed between the two laboratory air void measurement methods. In 
general, SGC samples had higher mechanistic properties than those of roadway cores. Good 
correlations were observed between roadway cores and SGC samples in terms of complex 
shear moduli and indirect tensile resilient moduli. A methodology was developed for the 
prediction of laboratory resilient modulus from the in situ PSPA test parameter. Field test 
 xvi
results indicated that the LFWD test might be used as an alternative for the FWD test in 
pavement structure evaluation. Pavement Quality Indicator (PQI) results did not correlate well 
with laboratory air void measurement methods. 
 xvii
CHAPTER 1.  INTRODUCTION 
 This thesis documents the research methodology and findings on the variability of 
physical and mechanistic properties of HMA mixtures as well as a comparison of these 
properties between field and laboratory tests. Chapter 1 presents the problem statement, 
objective and scope of the research. Chapter 2 presents the literature review conducted for this 
research. Chapter 3 describes the methodologies used for conducting field and laboratory 
tests. Chapter 4 discusses the variability of physical and mechanistic properties of HMA 
mixtures, a comparison of the properties of roadway cores and SGC samples, and the 
differences between field and laboratory tests. Chapter 5 presents the conclusions and 
recommendations of the research. 
1.1 Problem Statement  
The performance of asphalt concrete pavements is a function of traffic load and 
volume, the engineering properties of underlying layers, the environment, and the 
characteristics of asphalt mixtures. Understanding the behavior of the asphalt concrete 
mixtures under different loading and environmental conditions is critical for effective design 
and maintenance of pavements. Without appropriate characterization of the asphalt layer, one  
tends to either underdesign pavements, in which premature distress will occur, or overdesign 
the pavements, in which part of the investment is wasted. Therefore, “Guide for Mechanistic-
Empirical Design of New and Rehabilitated Pavement Structures” developed in National 
Cooperative Highway Research Program (NCHRP) Project 1-37A considers the dynamic 
modulus master curve as a design parameter to account for temperature and rate of loading 
effects on the modulus of asphalt concrete (Bonaquist et al., 2005).  
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In the pavement design procedure of the Mechanistic-Empirical design guide 
developed in NCHRP Project 1-37A, the mechanistic properties of HMA mixtures are 
obtained by testing laboratory compacted samples which are compacted to a density similar to 
that achieved in the field under traffic. Similarly, the rationale behind laboratory asphalt mix 
design compaction procedures is to simulate the ultimate compaction achieved in an asphalt 
pavement. The ultimate compaction in the field is achieved after initial construction 
compaction and subsequent densification due to traffic loading, normally viewed as two years 
of exposure to traffic (Blankenship, et al., 1994). The assumption behind the M-E pavement 
design and mixture design is that laboratory compacted samples have similar mechanistic 
properties to those of roadway cores with the same density. However, Peterson et al. (2003) 
pointed out that current gyratory compaction protocol produces specimens with significantly 
different mechanical properties than field cores with the same air voids. This seems to be due 
to the orientation of aggregates and the contact between aggregates, which are different 
between the two compaction methods. Consequently, the mixture properties of laboratory 
compacted samples cannot be used to represent those of field asphalt mixture layers directly 
without verification. Furthermore, the variation of plant produced HMA and its compaction is 
a concern because it will influence the chosen design values of the mechanistic properties. If 
the variation is significant, it needs to be considered in the procedure for determining the 
design modulus of asphalt layer, and proper adjustment should be made to the conservative 
side. 
The Mechanistic-Empirical guide for structural design of flexible pavements considers 
the modulus of asphalt layer as well as mechanistic properties of other layers. However, 
 2
construction specifications are not based on these properties. The acceptance criteria typically 
are based on adequate thickness and density of the placed and compacted materials (Nazarian 
et al., 1999). To successfully implement any mechanistic pavement design procedure, and  
move toward performance-based specifications, it is essential to develop tools that can 
measure the in-situ modulus. There are many types of in-situ non-destructive test devices 
(NDT) available. NDTs are categorized into four loading method types: static, vibrating, 
moving, and impact loading (Kasahara et al., 1987). Two impact loading NDTs: falling 
weight deflectometer (FWD), light falling weight deflectometer (LFWD), and a portable 
seismic pavement analyzer (PSPA) are considered to estimate the modulus/stiffness of 
pavement layers in the field. The relationship between these measurements and those obtained 
from field cores or laboratory compacted samples with laboratory tests should be investigated. 
If they have strong correlations, NDT can be used in the following three areas:  
• Control the construction quality for QC/QA by measuring asphalt layer moduli and 
comparing them with the design values. 
• Assess the condition of asphalt layer over time and compare the performance of 
different pavements.                                                                                                                                     
• Test the pavements to provide current asphalt layer condition for pavement evaluation, 
rehabilitation, and overlay design.  
Currently, the density measurement of the newly constructed pavements for quality 
control in Louisiana is performed by securing field cores at specified frequency and 
conducting air voids tests in the laboratory according to AASHTO T-166, as specified in 
Louisiana Standard Specifications for Roads and Bridges (2000 edition). However, this 
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process is destructive, laborious, expensive and time consuming. AASHTO T-166 is also 
operator sensitive to some extent. Furthermore, useful information cannot reach the paving 
crew in time to make any corrections to the paving process of the section being constructed 
since the test procedure is time consuming. Non-destructive devices and methods, including 
nuclear and non-nuclear based, are receiving consideration. However, nuclear-based devices 
have problems related to storage, equipment handling, and licensing due to nuclear 
characteristics. Also, the nuclear-based devices are not always accurate compared with 
AASHTO T-166 (Chen et al., 1999). A non-nuclear device - Pavement Quality Indicator 
(PQI), is a portable device that uses dielectric properties of materials to measure the in-situ 
asphalt layer density. Because of its innovative approach, lightweight, quick and convenient 
operation, PQI has the potential to be a promising construction quality control device.  
1.2 Objectives 
 The objectives of this research are: 
      1) Investigate the variability in the physical and mechanistic properties of HMA due to 
mixture production. 
2) Characterize and compare the mechanistic properties of roadway cores and laboratory 
compacted samples of HMA mixtures. 
3) Develop the relationship between modulus/stiffness from in situ NDT and those 
obtained from laboratory tests on roadway cores. 
4) Compare air voids measurements between laboratory and field test methods. 
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1.3 Scope 
 Table 1.1 shows the test factorial for each mixture. Laboratory density measurement 
methods used in this study included the AASHTO T-166 (Conventional) “Standard 
Specification for Bulk Specific Gravity of Compacted Bituminous Mixtures Using Saturated 
Surface-Dry Specimens” and the ASTM D6752-02 “Standard Test Method for Bulk Specific 
Gravity and Density of Compacted Bituminous Mixtures Using Automatic Vacuum Sealing 
Method”, also known as “Vacuum sealing”.  The field pavement density was measured using 
a PQI Model 301 device. Mechanistic evaluation on laboratory compacted samples (SGC) and 
roadway cores included the Indirect Tensile Strength and Strain (ITS), Indirect Tensile 
Resilient Modulus (ITMr), Frequency Sweep at Constant Height (FSCH), and Loaded Wheel 
Tracking (LWT) tests. A complex shear modulus (G*) master curve was constructed for each 
mixture. In addition, three in situ (NDT) test methods, a light falling weight deflectometer 
(LFWD), a falling weight deflectometer (FWD), and a portable seismic pavement analyzer 
(PSPA) were performed at each test section. Figure 1.1 illustrates the test layout and core 
locations. There are fifteen test points at each test section. Field tests were conducted on each 
of the fifteen points.  
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Table 1.1 Test factorial for each mixture 
Laboratory test Field test 
ITS 
(25 oC) 
ITMR 
(5, 25 & 40 oC) 
FSCH 
(48 & 60 oC)
FSCH 
(master 
curve) 
LWT Air void measurement
Conventional Vacuum sealing 
Test 
section 
SGC Core SGC Core SGC Core SGC SGC
Core Core 
PQI FWD LFWD PSPA
1 1* 1 1 1 2 2 2 5 5 15 15 15 15 
2 1 1 1 1 2 2 2 5 5 15 15 15 15 
3 1 1 1 1 2 2 2 5 5 15 15 15 15 
4 1 1 1 1 2 2 2 5 5 15 15 15 15 
5 1 1 1 1 2 2 2 5 5 15 15 15 15 
6 1 1 1 1 2 2 
2 
2 5 5 15 15 15 15 
* The number in each cell indicates the number of tests for each test section or mixture 
 
 
 
 
                   Test Section A                                                        Test Section B         
 
 
                                                              
                                                              
20’20’ 
Center Line 
Right Wheel Path 
Left Wheel Path 
 
 
 
 
 
 
 
 
 
                             
                                              --- PQI, LFWD, PSPA, and FWD test points                      
                                
                                              --- PQI, LFWD, PSPA, FWD test points and core locations 
 
Figure 1.1 NDT test layout at each test section 
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CHAPTER 2.  LITERATURE REVIEW 
 This chapter presents an overview of the research conducted on the following areas: 
(1) Comparison of modulus/stiffness of asphalt mixtures from field cores and laboratory 
fabricated specimens, (2) characterization of HMA mixtures with laboratory tests and in situ 
NDT included in this study, (3) comparison of modulus/stiffness of asphalt mixtures from 
field and laboratory tests used in this study, (4) master curve construction, and (5) evaluation 
of PQI. 
2.1 Comparison of Field Cores and Laboratory Fabricated Specimens of HMA 
                                                                                                              
Brown and Foo (1989) evaluated the variability of resilient modulus (Mr) test 
procedure as specified ASTM D4123-82. After testing both laboratory compacted samples 
using gyratory compactor and field cores, they found that the variation of resilient modulus is 
about 70 percent higher in the field cores than that of the laboratory samples. They attributed 
this variation to the variable dimensions of cores influenced by the method of coring. 
However, no direct comparisons between the laboratory made samples and field cores were 
noted based on the same mixtures with similar density values. Brown and Foo also 
investigated the influence of the applied load as a function of tensile strength on the measured 
resilient modulus. Three loading levels, 10, 15, and 20 percent of indirect tensile stress were 
evaluated. They concluded that the modulus values were influenced by the magnitude of the 
applied load. A change of stress from 15% to 10% of tensile strength at 25°C will increase the 
resilient modulus by 11.89%. They recommend conducting resilient modulus test at standard 
stress level of 15% tensile strength.  
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Button et al. (1994) reported that four out of five sites tested for resilient modulus at 
25°C showed equivalent modulus values for both the Texas gyratory compacted samples and 
field cores. But, at the test temperature of 0°C, two sites resulted in higher values of 
laboratory compacted samples than those of the field cores. However, Consuegra et al. (1989) 
reported that the resilient modulus at 25 °C of laboratory made samples using the Texas 
gyratory compactor showed 37 percent different values than that of the field cores. On the 
other hand, the Marshall samples exhibited 55 percent difference. 
Mohammad et al. (2004) compared roadway cores and SGC samples for two 
Superpave mixtures and one stone matrix mixture (SMA). It was found that the indirect 
tensile strengths of SGC samples were higher than those of roadway cores. A good correlation 
was found between complex shear moduli of SGC samples and roadway cores.  In general, 
the SGC samples possessed about 50 percent higher complex shear moduli than roadway 
cores. 
2.2 Characterization of HMA Mixtures with Laboratory Tests and In Situ NDT 
Recently, Christensen and Bonaquist (2002) used IDT strength for evaluating the rut 
resistance of asphalt concrete. Four Marshall design mixtures were used and the IDT was 
conducted at 20 °C below the 7-day average maximum pavement temperature. A very good 
relationship was found between IDT strength measured in the laboratory and rut resistance in 
a very limited field study, and in data generated at the Federal Highway Administration’s 
Accelerated Loading Facility (ALF). Christensen (2003) investigated the sensitivity of IDT 
strength and concluded that the sensitivity of IDT strength to changes in mixture composition 
is high and consistent. Because the strong correlation between IDT strength and rut resistance, 
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the sensitivity and consistency of the test results, the low cost and simplicity of the IDT tests, 
it is a ideal candidate for performance test or quality control test of asphalt concrete. 
Several studies [Kim et al. (1992), Fairhurst et al. (1994)] have suggested the 
possibility that anisotropic moduli (properties are different in different directions) in the 
horizontal plane are present in constructed pavements. Kim et al. (1992) tested samples for 
indirect tensile resilient modulus along the vertical and horizontal diameter. They reported 
that the vertical resilient modulus (Mr) values were slightly higher than those along the 
horizontal axis. The axis dependency becomes more significant when Mr values were 
determined from Poisson’s ratio calculated using vertical and horizontal deformations than 
from assumed ones. Similar results were obtained by Fairhurst et al. (1990). They found that 
Mr values at 0-degree specimen position were larger than those at 90-degrees. Since the 0-
degree axis was consistently tested before the 90-degree’s, the decrease in the Mr values 
could be associated with internal damage of the specimens during initial testing. Analysis of 
the data from both studies revealed that the axis dependency was more prominent for 
Fairhurst (1990). This might be due to the fact that the load level applied in Fairhurst’s study 
was higher than the Kim’s study. As expected, lower load level yielded less damage to the 
specimen. 
In order to investigate the horizontal anisotropic modulus, Ayres and Witczak (1995) 
performed a comprehensive study on field data obtained from demonstration projects in 
Maryland. The demonstration projects were constructed with thirteen process types of asphalt 
rubber mixtures with AC-10 and AC-20 asphalt. Among these were six wet process, five dry 
process, and two pre-blended wet process rubber mixes. From the 360 field cores, about 180 
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cores were tested for resilient modulus and strength, and the rest were tested for permanent 
deformation properties. The resilient modulus tests were conducted at 4.4, 21.1, and 37.8 °C 
respectively. For the horizontal anisotropy, the measurements were made on the 0 degree 
orientation along the direction of the traffic and 90 degree orientation perpendicular to the 
traffic. The one-way ANOVA analysis revealed that no horizontal anisotropy exists on field 
cores due to construction process. The plane-to-plane variability of Mr testing is a completely 
random process. This implies that it is not necessary to record the direction of traffic in field 
cores before the coring operation. 
In years past, pavement evaluations were made using empirical relationships 
combined with destructive testing to evaluate allowable load and/or remaining life. Test pits 
or corings were excavated in the pavement to determine layer thickness, to collect samples for 
laboratory tests and to conduct in situ material property tests. Recently, these destructive 
methods have been largely replaced by nondestructive test (NDT) methods. Because of the 
effects of temperature, moisture, and traffic on pavement materials, knowledge of the in situ 
material properties of pavement layers is essential for evaluating the effective structural 
capacity of the pavement and selecting an appropriate rehabilitation strategy (Saeed and Hall, 
1999). The research conducted in NCHRP 10-44A project entitled “Determination of In situ 
Material Properties of Asphalt Concrete Pavement Layers” intended to identify and develop 
methods for determining the in situ resilient modulus and thickness of the asphalt concrete 
(AC) pavement layers in flexible pavements and resurfacing of Portland cement concrete 
pavements, and to improve the reliability of deflection testing procedures for determining in 
situ properties. FWD, SPA, PSPA, Ground Penetration Radar (GPR), and Dynamic Cone 
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Penetrometer (DCP) were evaluated and conducted on 10 test sites. They concluded that 
FWD and Ground Penetration Radar (GPR) were the best combination of technologies to 
effectively measure the AC stiffness and thickness respectively. Seismic methods also 
provided comparable results to FWD. In addition, a fairly good relationship between the AC 
modulus from the Seismic Pavement Analyzer (SPA) and that determined from the resilient 
modulus tests existed. It was noted that different tests evaluated in NCHRP 10-44A had 
different loading frequencies. Since asphalt mixtures are viscoelastic and their mechanistic 
properties are dependent on temperature and loading frequency, master curve approach 
(which can combine the temperature and loading frequency) was recommended to reconcile 
the differences in test frequencies, and to adjust field-measured moduli to relate to a design 
vehicle speed. 
Andrew et al. (2001) investigated the variability of moduli obtained from FWD. Two 
500 m test sections in flexible pavement were investigated and FWD was conducted every 
one meter center. They found the change in pavement temperature from 11 °C to 19 °C during 
testing was shown to have a considerable influence on the back-calculated asphaltic material 
moduli. A statistical analysis of the measured deflections showed that the mean value of 
deflections d1, d6, and d1-d4 was not very sensitive to the test spacing. There was found to be 
more variability in the standard deviation of the measured deflections, particularly when data 
was sampled at more than 50 m centers (< 10 samples). From their results, it can be 
concluded that temperature correction of back-calculated AC layer moduli is warranted. 
It is known that FWD cannot be used to perform an independent measure of only the 
surface layer. In addition, it can be somewhat insensitive to the modulus of the pavement 
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surface layer, especially for the cases of a thin surface layer on the order of a few inches thick 
or under those conditions where bedrock is near the pavement surface. Reasonable results can 
only be obtained when the thickness of the layers in the pavement is known (Roesset et al., 
1990). Recently, PSPA, a portable machine using the Spectral-Analysis-of-Surface-Waves 
(SASW) method to measure the surface layer modulus, has been developed. SASW is an in 
situ seismic method, which is used for near-surface profiling of pavement sites. It can 
determine the modulus of surface layer without knowing its thickness, and bedrock condition 
does not affect the near-surface measurements (Roesset et al., 1990).  
The Portable Seismic Pavement Analyzer (PSPA) is a device designed to determine 
the average modulus of a concrete or asphalt layer. The operating principle of the PSPA is 
based on generating and detecting stress waves in a medium. The Ultrasonic Surface Wave 
(USW) method, which is an offshoot of the Spectral Analysis of Surface Wave (SASW) 
method (Nazarian et al., 1997 B), can be used to determine the modulus of the material. The 
major distinction between these two methods is that in the USW method the modulus of the 
top pavement layer can be directly determined without an inversion algorithm. 
If an elastic half-space is disturbed by a vertical impact on the surface, two types of 
waves will propagate in the medium: body and surface waves. Body waves propagate radially 
outward in the medium and are composed of two different types: compression and shear 
waves. These waves are differentiated by the direction of particle motion relative to the 
direction of wave propagation. Particle motions associated with shear waves are perpendicular 
to the direction of wave propagation whereas particle motions associated with compression 
waves are parallel to the direction of wave propagation. Surface waves resulting from a 
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vertical impact are primarily rayleigh waves, which propagate away from impact along a 
cylindrical wavefront near the surface of the medium. 
Typical voltage outputs of the two accelerometers are shown in Figure 2.1. The 
arrivals of compression, shear, and surface waves are marked in the figure. “It is difficult to 
estimate reliably the arrivals of compression waves because only less than 10 percent of 
seismic energy propagate in this form and the peak energy in the signal sometimes is only 
several times above the inherent background noise. Shear wave energy is about one-fourth of 
the seismic energy and is better pronounced in the record. But it may be difficult to separate it 
from surface waves since the speeds they propagate are close to each other. Surface waves 
contain about two-thirds of the seismic energy and it is easy to measure them. If a layer does 
not have surface imperfections, and if the impact is “sharp” enough to generate only waves 
that contain energy for wavelengths shorter than the thickness of the top layer, time domain 
data reduction can be used readily to determine the modulus” (Nazarian et al. 1999). 
 
Figure 2.1 Typical time records from PSPA (Nazarian et al., 1999) 
 
 13
 
 The reduction of data can be performed in either the time domain or the frequency 
domain. In the time-domain analysis, the time at which different types of energy arrive at each 
sensor are identified. The relationship among velocity, V, travel time ∆t, and receiver spacing, 
∆X, can be written in the following form: 
t
V ∆
X∆=                                                            (2.1) 
an determine the modulus in several ways. Young's modulus, E, can be 
determined from shear modulus, G, th
VS = VR ν)                                                (2.4) 
As sketched in Figure 2.2, at wavelengths less than or equal to the thickness of the 
uppermost layer, the velocity of propagation is independent of wavelength. Therefore, if one 
simply generates high-frequency (short-wavelength) waves and if one assumes that the 
properties of the uppermost layer are uniform, the shear wave velocity of the upper layer, Vs, 
can be calculated from Equation 2.4. 
 
In the above equation, V can be the propagation velocity of any of the three waves [i.e. 
compression wave, VP; shear wave, VS; or surface (Rayleigh) wave, VR]. Knowing wave 
velocity, one c
rough the Poisson's ratio, ν, using 
E = 2 (1+ν) G                                                     (2.2) 
Shear modulus can be determined from shear wave velocity, VS, and mass density ρ using: 
  G = ρVS2                                                                                        (2.3) 
To obtain the modulus from surface wave velocity, VR is first converted to shear wave 
velocity using: 
 (1.13-0.16
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Figure 2.2 Schematic of USW method (Nazarian et al, 2002) 
E = 2  V
 
Finally, the modulus of the top layer, E, can be determined from: 
ρ 2 ν
compared, and necessary changes are made in the assumed shear wave velocity profile until 
S  (1+ )                                                   (2.5) 
where VS = velocity of shear waves, ρ = mass density, and  ν = Poisson's ratio (Nazarian et 
al., 2002). 
In practice, because most of the energy in a seismic wave train is carried by surface 
waves, a more robust method called Spectral Analysis of Surface Waves (SASW) is 
developed. The goal of the method is to generate and detect surface waves over a wide range 
of wavelengths. The time records collected are transformed to a so-called dispersion curve—a 
plot of velocity of propagation of surface waves with wavelength. Then, an inversion process 
is used to obtain the true shear wave velocity profile from the dispersion curve. In other 
words, inversion is the process of determining the thickness and stiffness of different layers 
given the phase velocity-wavelength relationship (Nazarian ea al., 1999). The inversion 
process is an iterative process in which a shear wave velocity profile is assumed and a 
theoretical dispersion curve is constructed. The experimental and theoretical curves are 
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the two curves match within a reasonable tolerance. If the goal is only to determine the 
modulus of the top layer, the method becomes straightforward USW without the inversion 
process. Consider the time records shown in Figure 2.1. “By performing a fast Fourier 
transform on the two signals, and by dividing the two transformed signals by one another, one 
obtains a phase spectrum (i.e., variation in phase with frequency) as shown in Figure 2.3. The 
phase shown in Figure 2.3 can be “unwrapped” and fitted by a straight line. The slope of such 
a line, m, is directly related to Young’s modulus, E, by using 
2360)16.013.1()1(2 ⎥⎦⎢⎣ m
⎤∆−+= XE ννρ                                  (2.6) 
om the phase information of the cross power spectrum. Knowing 
the phase (φ), the travel time (t) can be ca
 of a given frequency 
propagates in a medium) can be obtained by equation 2.1. The w
Lph = Vph/f                                                           (2.8) 
Then the dispersion curve can be obtained knowing the relationship between velocity and 
wavelength. In this case, the modulus of top layer is calculated from: 
⎡
Alternatively, a dispersion curve can be constructed, as shown in Figure 2.2, and the average 
modulus of the top layer can be determined. For instance, for each frequency (f) in Figure 2.3, 
the phase shift is picked fr
lculated by 
t = φ/360f                                                            (2.7) 
and the phase velocity (velocity with which a seismic disturbance
avelength Lph is related to 
velocity and frequency by 
[ ]2)16.013.1()1(2                                     (2.9) phusw VE ννρ −+=
where Vph is the average phase velocity of the top layer” (Nazarian et al., 1999). 
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 Figure 2.3 Typical phase spectrum from PSPA (Nazarian et al., 1999) 
 
method to changes in stiffness of the AC surface layer with the ambient temperature changes. 
Three test sites at the TTI Annex were investigated and two series of tests were performed 
during July 1998 and March 1999 for different pavement temperatures respectively. They 
concluded that the method was effective in determining in situ changes in stiffness over 
thickness of the surface layer was greater than 2 inches.  
Chen et al (1999) evaluated the in situ te
Aouad et al (1993) conducted research in Texas to evaluate the sensitivity of SASW 
temperatures ranging from 30 °F to 143 °F. The method was most effective at sites where the 
sting techniques including Humboldt stiffness 
base materials over 6 Texas districts were conducted. All tests in this study were conducted 
from FWD. Other studies (Chen et al. 2003, 2004) used NDT techniques including FWD, 
gauge, Dirt Seismic Pavement Analyzer (DSPA, another version of PSPA used for soil and 
granular base), and FWD. Approximately 100 field stiffness tests on different subgrade and 
after subgrade and/or base layers were prepared and before the surface course treatment was 
applied. Based on the analysis of test results, they concluded that DSPA has potential to be 
used as a quality control device. Moduli from seismic techniques were comparable with those 
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seismic, and GPR to investigate the pavement quality and/or failure reasons. Both FWD and 
seismic methods showed lower values at problematic test sections than those at intact test 
sections. It was concluded that FWD and seismic methods could indicate the quality or 
condition of pavement layers. 
 LFWD was originally developed in Germany as an alternative in situ testing to the 
plate b
 and enable the use of LFWD in the in situ pavement tests 
as a QC/QA tool. 
Livneh et al. (1997) developed an approximate method to estimate the stiffness of 
layer using portable falling weight deflectometer (one type of LFWD) with two 
er 
 as 
hematic testing procedure. 
face modulus for all the structural 
flection of LFWD in the 
earing test. LFWD consists of a loading device that produces a defined load pulse, a 
loading plate, and one center geophone sensor (Fleming et al., 2000). LFWD is usually used 
for compaction quality control of granular base and subgrade soils, in which the modulus ratio 
between different layers is close to unity. The analysis of LFWD data can provide an estimate 
of the linear-elastic modulus (surface modulus) of the material tested. However, it is seldom 
used for testing asphalt pavement because it cannot distinguish the significant difference 
between the AC layer and the bottom layers (the whole pavement structure is considered as 
one layer in the calculation of surface modulus). A reasonably simple method needs to be 
developed to overcome this problem
asphalt 
measurements. After the LFWD test was performed on the asphalt surface, the asphalt lay
was drilled down to its bottom. Then, the second test was performed at the same location
the first test with the core kept in the place. Figure 2.4 shows the sc
From the second test, the modulus of elasticity EGS, the sur
layers except for the asphalt layers, could be derived from δd (de
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second test) in Figure 2.4 using the Boussinesq equation. Then, the surface deflection δ0 is 
equal to the Burmister expression: 
W
GS
GS ap ××− )1(2 2µ F
E
×=0δ                                      (2.10) 
           
                                       FW = deflection factor for two layer system 
 the modulus of the asphalt 
layers an lculated 
 
Where, 
                            δ0 = surface deflection of the test before coring asphalt layers, mm 
                                       µGS = combined Poisson’s ratio of the layers under asphalt layers 
                                       p = contact pressure of loading plate, MPa 
                                       a = radius of the contact area, mm 
Deflection factor FW is a function of EA/EGS and h1/a, where EA is
d h1 is the thickness of the asphalt layers. FW could be found in charts or ca
with computer program. Consequently, the modulus of asphalt layers could be estimated 
using LFWD measurements. 
2.3 Comparison of Modulus of Asphalt Mixtures from Field and Laboratory Tests 
Daniel and Kim (1998) performed various tests on laboratory compacted samples, 
field cores and existing pavement sections to determine asphalt concrete properties at 
different temperatures. The main objective of their study was to explore the relationship 
between the laboratory and field stiffness through linear viscoelastic theory using available  
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                                               (a)                                                  (b) 
   
surface (a) before and (b) after coring the asphalt layers (Livneh et al. 1997) 
 
test ree 
laborat
ould predict the 
dynamic modulus at various frequencies using the creep compliance of asphalt mixtures. They 
reported a good correlation between the measured and predicted complex modulus values at 
various frequencies and temperatures (-5, 5, 15, 25, and 33 °C) for the mixtures evaluated, 
Figure 2.5 and Figure 2.6. 
      Figure 2.4 Schematic presentation of the LFWD double testing on the pavement    
data from separate projects. Five test methods were selected in this study: Th
ory tests - creep compliance, complex modulus (ASTM D3497-79), impact resonance 
(ASTM C-215), as well as two field non-destructive tests (NDTs) - surface wave method and 
the falling weight deflectometer (FWD). Two mixtures--- medium gradation using SHRP 
AAD asphalt cement and North Carolina Department of Transportation’s Heavy-Duty Surface 
Course (HDS) with AC-20 asphalt cement were used. Field cores were also obtained from 
instrumented pavement sections in Durham County, NC and MN/Road test sections in 
Minnesota. Daniel and Kim (1998) established a theoretical relationship that c
 20
 
Figure 2.5 Predicted and measured stiffness of AAD mixtures (Daniel and Kim, 1998) 
 
 
 
Figure 2.6 Predicted and measured stiffness of HDS mixtures (Daniel and Kim, 1998) 
Similarly, the measured and predicted values of stiffness for MN/Road Core at 25°C 
(field testing temperature) showed a good agreement for all frequencies, including those 
calculated from the surface wave testing (5000, 7000, 10000, 12000, and 15000Hz). Using 
these data, they found linear relationships between stiffness and frequency on a log-log scale 
as shown in Figure 2.7 and Figure 2.8. Hence, once a relationship between frequency and 
stiffness (as measured by different methods) is defined for each mixture, which is linear on a 
log-log scale, laboratory stiffness may be predicted from field measurements. 
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Figure 2.7 Frequency dependency of Durham pavement (Daniel and Kim, 1998) 
 
 
 
Figure 2.8 Frequency dependency of MN/Road Section F4 (Daniel and Kim, 1998) 
 
Recently, Baladi and Crince (1999) studied the design parameters and engineering 
characteristics of conventional and Superpave mixtures. All the mixtures were obtained from 
the hopper of paver and compacted in a laboratory using the Superpave Gyratory Compactor 
(SGC). After construction was completed, the FWD tests were conducted, and the cores were 
extracted. Both laboratory compacted samples and field cores were tested under indirect 
tensile cyclic loading at 20 °C. It was found that a specific relationship exists between the 
back calculated asphalt layer modulus and the core modulus. The relationship is provided 
below: 
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                          MRdesign= 2260[MRcore]0.4935                          R2=0.81                                     (2.11) 
Where,
eless, by rearranging and comparing the Equation 2.11 and 2.12, resilient modulus of 
roadway cores and laboratory c mples have the following re
                     
                                 MRdesign= Design resilient modulus (KPa) 
                                              = Eavg-2SD 
                                 Eavg = Average back calculated modulus of asphalt layer (KPa) 
                                 SD = standard deviation of the backcalculated modulus (KPa) 
                                 MRcore= Average core resilient modulus (KPa) 
The best-fit curve between the MRdesign of asphalt layer and the modulus of 
laboratory−compacted samples was also obtained and is provided below: 
                           MRdesign =21986[MRlab]0.3373             R2=0.54                                         (2.12) 
Where,                      
                                 MRlab= Average laboratory compacted sample resilient modulus (Kpa) 
The low R2 value of the Equation 2.12 might be attributed to the difference in the field 
and laboratory compaction and to the difference in the air voids. The modulus of the 
laboratory compacted samples were obtained at the average field air voids, which were not the 
same as air voids at FWD test locations. However, in this study, no direct comparison was 
made between the resilient modulus of field cores and laboratory compacted samples. 
Neverth
ompacted sa lationship: 
1463.1 −= corelab MRLogLogMR                                    (2.13)  
Nazarian et al (1997 A) conducted research to compare modulus values obtained 
nondestructively with those obtained from laboratory specimens of pavement base materials. 
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Fiel as 
resilien
 frequency. However, in field 
tests, test temperature cannot be controlled, and dif
frequencies. It is known that rheological properties of asphalt cement depend on both 
ure and loading frequency. At short loading times, or low temperatures, the elastic 
eratures, the viscous response 
peratures, the delayed elastic response 
rrelation directly between 
ceptually, the master curve 
techniq sted under 
combinations of a wide range of temperatures and loading freq
property (e.g. stiffness) vs frequency/time data can be obtained, and these data can be 
combined into a single “master curve” by translating the individual curve along the time axis 
perature, as shown in Figure 2.9. 
Thus, for each curve determined at a particular test temperature, a horizontal shift factor a(T) 
is produced. The shift factor a(T) defines the required shift at a given temperature, i.e., a 
d tests included FWD and Seismic Pavement Analyzer (SPA), and the laboratory test w
t modulus test. They found that FWD and SPA moduli exhibited similar trends. The 
base moduli from the SPA were typically higher than those from the FWD. However, a 
unique relationship between moduli from laboratory and field tests could not be developed 
due to the variation of the test results. 
2.4 Master Curve 
In laboratory tests, one can control both temperature and
ferent tests have different loading 
temperat
response dominates; at long loading times, or high temp
dominates; at intermediate loading times and tem
dominates. Therefore, it is impossible to establish distinct co
different test results at different temperatures and frequencies.  Con
ue can help solve this problem. In laboratory, asphalt mixtures are te
uencies. At each temperature, a 
to obtain a single curve at arbitrarily selected reference tem
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constant by which the frequency f must be divided to get a reduced frequency fr for the master 
curve: 
)(Ta
fr =         or       f [ ])(log)log()log( Taff r +=                            (2.14) 
log(E*) = -0.0001(logf)5 + 0.0012(logf)4 + 0.0002(logf)3 
- 0.044(logf)2+ 0.2655logf + 3.7256  (R2 = 0.99)
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Figure 2.9 Typical dynamic modulus master curve of HMA (Mohammad et al., 2005) 
The shift factor a(T) is only a function of tempera
 2.10. This equivalency between time and temperature is known as time-temperature 
) equation has been widely 
 cement. Anderson (1991) found 
 a 
 Td: 
ture for a certain material as shown 
in Figure
superposition (Ferry, 1961). The Williams-Landel-Ferry (WLF
used to characterize the temperature shift factors for asphalt
that this equation could accurately describe the shift factors for asphalt cement above
characteristic temperature, called the defining temperature,
d
dTTCTaLog
TTC −+
−−= )()(                                                  (2.15) 
2
Where, 
                                                       a(T) = horizontal shift factor 
                                                   T = temperature, °C 
 25
                                                   Td = the defining temperature, °C 
                                                   C1, C2 = empirical constants           
Below the Td, the shift factors can be described by an Arhennius function: 
⎟⎟⎠
⎞⎛∆ aH 11⎜⎜⎝
−=
dTTR
TaLog
303.2
)(                                         (2.16) 
Where, 
                                                   a(T) = shift factor for T <Td 
                        ∆Ha = activation energy, typically 250 kJ/mol 
                                                   T = temperature, °K 
d
              R = universal gas constant = 8.314J/°K 
     T  = the defining temperature, °K 
log(aT) = 2E-05T3 - 0.0008T2 - 0.15T + 3.998
R2 = 0.994
6
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Figure 2.10 Typical shift factor of HMA (Mohammad et al., 2005) 
             Then, it is only necessary to have an accurate estimate of the defining temperature in 
order to characterize the shift factors. Anderson (1991) also pointed out that T  should be 
closely related to the glass transition temperature. 
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0
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It has been found that hot-mix asphalt (HMA) in a linear viscoelastic state is 
thermorheologically simple (TRS) [(Kim and Lee, 1995) (Goodrich, 1991)]. TRS materials 
can be characterized in terms of a common time and temperature parameter, a so-called 
reduced time. Time-temperature superposition principle can be applied to TRS materials to 
construct master curve. Once the master curve is constructed, a polynomial fitting function (as 
shown in Figure 2.9) or sigmoidal fitting function (as shown in Equation 2.17) can be used to 
describe it mathematically [Mohammad et al., (2005), Pellinen and Witczak (2002)].  
)log(1
*ELog
rfe γβ
αδ +=                                                (2.17) 
Where,  
                                                  δ = minimum modulus value 
−+
                                                  log |E*| = log dynamic modulus, 
                                                  α, β, γ = regression coefficients for sigmoidal function, and  
                                                  f  = reduced frequency       
 time-temperature superposition remained 
valid for HMA behavior with growing damage in the compression state. The time-temperature 
factors obtained within the linear viscoelastic range could be used for predicting material 
behavior at any strain levels. This property is important because the shift factors obtained at 
Similarly, Frequency Sweep at Constant Height (FSCH) test results at different 
temperatures and frequencies can also be used to construct master curves as shown in Figure 
2.11 (Rowe, 2000). 
r
Zhao and Kim (2003) further concluded that
shift factor was only a function of temperature and was independent of strain level. Thus, shift 
certain strain level can be used for different tests with different strain levels. 
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Figure 2.11 Master curve for complex shear modulus data (Rowe, 2000) 
 Once the master curve for a mixture is constructed, the modulus of certain test (at 
certain frequency) can be shifted to another frequency along the curve to predict the modulus 
of the mixture at that frequency. Since the reduced frequency is a common term for both 
frequency and temperature, the moduli from different tests (at different frequencies and 
temperatures) can be shifted to the same reduced frequency and reference temperature using 
the master curve, and then compared with each other. Consequently, temperature and 
frequency discrepancies is acc
an and Buttlar, 2002). Density values are determined on the basis of the principle that 
the changes in dielectric constants of the mixture are proportional to the level of compaction 
or density. Romero (2000) evaluated the PQI Model 300 in laboratory using laboratory 
ounted for in this approach. 
2.5 Evaluation of PQI 
 
PQI is a non-nuclear density measurement device. The device has a circular base plate 
housing a transmitter at the center that emits an electric flow into the asphalt materials 
(Hausm
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compacted HMA slabs. The factors investigated were density, nominal maximum aggregate 
nd was used as reference density, with which the 
pared. He found that temperature, aggregate size, and aggregate source 
affected
Buttlar suggested that the PQI Model 300 was still influenced by 
nvironmental conditions.  
Prowell and Dudley (2002) conducted a study to evaluate PQI Model 300 as a 
avement density measurement technique. The device was conducted on six projects 
presenting three nominal maximum aggregate sizes. Roadway cores were taken at the field 
st location and their densities were measured using AASHTO T-166 and Vacuum sealing 
size, aggregate source, temperature, and moisture. The density of the slab was determined 
following procedure in AASHTO T-166 a
PQI results were com
 the density values of PQI. High moisture content provided problems with the density 
determined using PQI. It was concluded that PQI Model 300 could be used to determine 
relative change in density of asphalt concrete under constant temperature and humidity 
conditions for a single mixture. Finally, field trials were recommended to determine if PQI 
could be used for pavement density measurement and quality control. 
Hausman and Buttlar (2002) conducted a study on determining asphalt pavement 
density using PQI Model 300. First, they conducted a laboratory study and found that Model 
300 PQI did not correlate well with AASHTO T-166 measurements, even though the device 
provided better results than Model 100 and was less sensitive to moisture and temperature 
effects on determining asphalt density. Then, they evaluated PQI Model 300 on full-scale 
pavement sections under actual field conditions for three projects. Their data indicated that 
the correlation between AASHTO T-166 and PQI was poor, as shown in Figure 2.12 and 
Figure 2.13. Hausman and 
e
p
re
te
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methods. The density measured by PQI appeared to be repeatable but did not correlate well 
ith the densities measured with laboratory methods (AASHTO T-166 and Vacuum sealing). w
             
Figure 2.12 PQI vs AASHTO T-166: binder course (Hausman and Buttlar, 2002) 
 
 
Figure 2.13 PQI vs AASHTO T-166: surface course (Hausman and Buttlar, 2002) 
 
 Mohammad et al. (2004) evaluated PQI Model 301 as a potential quality control tool 
for asphalt pavement construction. PQI measurements were performed on three projects with 
two nominal maximum aggregate sizes. Roadway cores were secured from the same test 
location and their air voids were measured with AASHTO T-166 and Vacuum sealing method 
in the laboratory. The correlation between PQI measurements and laboratory air voids results 
was poor.  
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CHAPTER 3.  METHODOLOGY 
 This chapter presents the projects selected for field testing and materials collected in 
each project for use in laboratory testing, as well as the methodology used in specimen 
fabrication. In addition, this chapter provides a description for each test conducted in this 
study. 
3.1 Field Projects and Materials 
 This section presents the projects selected in Louisiana for this study. Also, the six 
mixtures used in this study are illustrated. 
3.1.1 Field Projects 
 
In this study, four asphalt concrete pavement projects in Louisiana were selected as 
own in Figure 3.1. The selection of projects was coordinated with the Louisiana Department 
of Transportation and Development (LADOTD) construction and research personnel. The 
first project was located on Interstate Highway 1-10 near the community of Egan, hereafter 
designated as I-10 Egan, where binder course (BC) and wearing course (WC) mixtures were 
investigated. The second project was located on I-10 near the city of Vinton, hereafter 
designated as I-10 Vinton, where wearing course (WC) mixture was investigated. The third 
project was located on US 190 near the city of Port Allen, hereafter designated as US190, 
where base course (Base) and binder course (BC) mixtures were investigated. The fourth 
project was located on LA964 near the town of Baker, hereafter designated as LA 964, where 
wearing course (  test sections for 
each mixture used in this study. Figure 3.2 to Figure 3.5 show the designed pavement 
structures for each project. 
sh
WC) mixture was investigated. Table 3.1 presents the actual
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Figure 3.1 Projects investigated in this study 
 
 
Table 3.1 Number of sections for each mixture 
Mixture 
I 10 Egan BC 
Superpave  
25 mm 
I 10 Egan WC 
Superpave      
12.5 mm 
I 10 Vinton  WC
SMA 12.5 mm 
US190 Base 
Superpave 25mm
US190 BC 
Superpave 25mm 
LA964 WC 
Marshall Type 8 
19mm 
 
 
Vinton  Egan  
US190 LA964 
 
 
Number of 
sections 6 6 1 3 2 2 
 
 
Figure 3.2 I-10 Egan pro esigne ent structure 
 
ject d d pavem
 
Figure 3.3 I-10 Vinton p ent structure 
 
roject designed pavem
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Figure 3.4 US190 project designed pavem ructure
 
ent st  
 
 
Figure 3.5 LA964 project designed pavement structure 
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3.1.2 Materials 
 
Two types of asphalt binders, PG 76-22M and PG 64-22, meeting LaDOTD 
specification (Table 3.2), and two types of aggregates (Limestone and sandstone) were used in 
the mixtures evaluated in this study. It is noted that US190 BC, US190 Base, and LA964 WC 
used reclaimed asphalt pavement (rap). As to mixture design, I-10 Egan BC and WC were 25 
mm and 12.5 mm Superpave mixtures, respectively. I-10 Vinton WC was 12.5 Stone Matrix 
Asphalt (SMA). US 190 Base and BC were all 25 mm Superpave mixtures. LA 964 WC was 
19 mm type eight Marshall design mixture.  
   Table 3.2 Louisiana specification requirements and sample test result for the binders 
 PG 76-22 M PG 64-22 
Test Property Spec Sample Spec Sam Resultple Result 
Original Binder 
Rotational Viscosity @135oC Pa-s 3.0- 1.34 3.0- 4.0 
Dynamic Shear, 10rad/sec 
G*/ Sin δ, KPa 
1.00+ 
@76oC 1.22 
1.30+ 
@64oC 1.59 
Flash Point oC 232 + 279 232 290 
Solubility % 99.0+ 99.9 99.0 99.9 
Force Ductility Ratio (F2/ F1, 4oC, 
5cm/min, F2 @30cm Elongation .30+ .42   
Tests on RTFO Residue 
Mass Loss % 1.00- 0.31 1.00- 0.297 
Dynamic Shear, 10 rad/sec 
G*/Sin δ, KPa 
2.20+ 
@76oC 2.46 
2.20+ 
@64oC 3.14 
Elastic Recovery, 250C, 10 cm 
Elongation % 60+ 75%   
Tests on PAV Residue 
Dynamic Shear, 10 rad/sec, 
G* Sin δ, KPa, 25oC 5000- 3212 4000- 2210 
Bending Beam Creep Stiffness, 
Smax, Mpa, Tested 04  at –12oC 300- 240 300- 2
Bending Beam Creep Slope m
Min Tested at  -12oC 0.300+ 0.362 0.300+ 0.342 
 Value, 
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Table 3.3 provides the Job Mix Formula (JMF) of the designed mixtures investigated 
in these study and Figure 3.6 to Figure 3.8 illustrate the designed gradation of all the mixtures 
graphically. 
Table 3.3 Job mix formula of asphalt mixtures 
Mixture name Egan BC1 Egan WC2 Vinton WC2 US190 Base US190 BC1 LA964 WC2
Mix type 25 mm Superpave 
12.5 mm 
Superpave 
12.5 mm 
SMA 
25 mm 
Superpave 
25 mm 
Superpave 
19 mm Marshall
Type 8 
Aggregate blend 
32% #5 LS 
20% #67 LS 
22% #8 LS 
18% #11 LS 
8% Sand 
13% ¾ SS 
32% ½ SS 
10% #7 LS 
5% #8 LS 
40% #11 LS
50% #78 SS
25% #78 LS
13% #11 LS
12%  LS 
31.4% #5 LS
13.7% #67LS
19.3%#78 LS
8.1% C.Sand
8.1% CR.Grv
19.4% Rap 
31.6% #5 LS 
13.8% #67LS 
19.4% #78LS 
8% C.Sand 
8.1% CR.Grv 
19.1% Rap 
44.2%#67Granite
24.7% #11 LS 
10.1% C.Sand 
6%CR.Grv 
15% Rap 
Binder type PG 76-22M3 PG 76-22M3 PG 76-22M3 PG 64-22 PG 76-22M3 PG 76-22M3
Design AC content, volumetric properties, and densification 
% Gmm at NI 85.4 84.1 N/A 87.5 87.9 N/A 
% Gmm at ND 96.1 95.9 N/A 96.5 96.0 N/A 
% Gmm at NM 97.1 97 N/A 97.2 97.1 N/A 
Slope 7.43 N/A 8.93 10.38 N/A 6.62 
Design binder content, % 3.6 4.4 4.0 5.0 6.0 3.8 
Design air void, % 4.0 4.0 4.0 4.0 4.0 4.0 
VMA, % 12.8 14.5 16.6 12.3 11.8 13.8 
VFA, % 69.5 72 76 67 67 71 
Metric (U.S.) Sieve Gradation, (% passing) 
37.5 mm (1½ in) 100 100 100 100 100 100 
25 mm (1 in) 96 100 100 97 97 100 
19 mm (¾ in) 87 100 100 84 84 98 
12.5 mm (½ in) 68 98 93 64 65 83 
9.5 mm (⅜ in) 59 89 71 49 52 73 
4.75 mm (No.4) 35 50 30 29 32 50 
2.36 mm (No.8) 23 29 20 22 24 35 
1.18 mm (No.16) 17 19 - 18 20 25 
0.6 mm (No.30) 13 13 15 14 15 18 
0.3 mm (No.50) 7 10 12 7 8 12 
0.15 mm (No.100) 4 - - 4.3 4.9 6 
0.075 mm (No.200) 3.6 6.5 8 3.1 3.6 4.5 
Note: 1. BC indicates binder course. 
          3. M indicates polymer-modified asphalt binder. 
 
 
          2. WC indicates wearing course. 
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Figure 3.6 Gradation chart for 25 mm mixtures 
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cted at the same test sections where the mixtures were taken. The in 
.1. Then, the roadway cores were secured at the same 
ling 
, 
 
s and roadway cores for indirect tensile 
strength, indirect tensile resilient modulus, and complex shear modulus, respectively. 
100
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Figure 3.8 Gradation chart for 12.5 mm mixtures 
 For each mixture type in each project, several test sections (sub lot) were selected. At 
each test section, the loose mixtures were collected behind the paver (I-10 Egan BC/WC, I-10 
Vinton WC) and at the HMA plant (US190 Base/BC, LA964 WC), and compacted to the 
similar air voids to field compaction using SGC. After construction, PQI, FWD, LFWD, 
PSPA tests were condu
situ test layout is indicated in Figure 1
test sections and their densities were measured using Conventional and Vacuum sea
methods. Indirect Tensile Strength (ITS), Indirect Tensile Resilient Modulus (ITMr)
Frequency Sweep at Constant Height (FSCH), and Loaded Wheel Tracking (LWT) tests were
conducted both on laboratory compacted sample
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3.2 Specimen Preparation 
 The specimens include roadway cores and SGC samples. At each test section, enough 
loose mixtures were taken behind the paver and at HMA plant, and sent to the mobile 
laboratory near the test section. Then the loose mixtures were compacted into 3 groups of 
samples in terms of air voids for both 101.6 mm (4 inch) and 150 mm (6 inch) diameter 
specimens using SGC. The air voids for three groups were target air voids plus 2 percent, 
target air voids, and target air voids minus 2 percent respectively. The target air voids were 6 
to 8 percent in pavement compaction. After pavement construction, in situ NDTs were 
conducted in the test section where the loose mixtures were taken. Then five roadway cores 
were taken at the test section according to the layout in Figure 1.1. After the laboratory 
density test (Conventional and Vacuum sealing) on the roadway cores, four cores with typical 
air voids of the section were selected and were cut int
easured again with the Conventional method. SGC samples with the 
ted and cut into the same test sample size. 
er for each test in each test section. For 
ted at average core sample air voids for 
ws the dimension and number of 
sample
 
o the test sample size. Then the air voids 
of the samples were m
closest air voids to those core samples were selec
Table 3.4 shows the test sample dimension and numb
each mixture type, 4 extra SGC samples were compac
FSCH test to construct G* master curve. Table 3.5 sho
s for G* master curve for each mixture type. 
Table 3.4 Specimen fabrication at each test section 
Test ITS (25°C) ITMr (5, 25,40°C) FSCH (48,60°C) LWT (50°C) 
Sample type SGC Core SGC Core SGC Core SGC 
Sample number 1 1 1 1 2 2 2 
Sample diameter (mm) 101.6 101.6 101.6 101.6 150 150 320 x 2602
Sample height (mm) 63.5 63.5 63.5 63.5 751 751 80 
 39
Note: 
1. The sample height is 75 mm when the nominal maximum aggregate size is 25mm and 
above. The height is 50 mm when the nominal maximum aggregate size is less than 25 mm. 
2. The sample dimension is 320 mm in length and 260 mm in width. 
 
Table 3.5 Sample fabrication for G* master curve for each mixture type 
Test FSCH (-10,4°C) FSCH (25, 38,54°C) 
Sample type SGC SGC 
Sample number 2 2 2 2 
Sample diameter (mm) 150 150 150 150 
Sample height (mm) 75* 75* 75* 75* 
* The sample height is 75 mm when the nominal maximum aggregate size is 25mm and 
above. The height is 50 mm when the nominal maximum aggregate size is less than 25 mm. 
 
3.3 Laboratory Test Methods 
 The laboratory tests consist of four mechanical tests – Indirect Tensile Strength (ITS), 
Indirect Tensile Resilient Modulus (ITMr), Frequency Sweep at Constant Height (FSCH), and 
Loaded Wheel Tracking (LWT) tests as well as two density tests – Conventional (AASHTO 
T-166) and Vacuum sealing (ASTM D 6752-02) methods. In addition, dynamic modulus 
(|E*|) master curves of the six HMA mixtures used in this research were obtained from a 
concurrent study in Louisiana Transportation Research Center (LTRC) to characterize typical 
mixtures in Louisiana. 
3.3.1 Laboratory Mechanistic Tests 
 
 
Resilient Modulus (ITMr), Frequency Sweep a ic modulus 
(|E*|), and Loaded Wheel Tracking (LWT) tests were conducted in this study. The following 
sections provide description for each test method. 
Five laboratory tests, Indirect Tensile Strength and Strain (ITS), (Indirect Tensile 
t Constant Height (FSCH), Dynam
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3.3.1.1 Indirect Tensile Strength (ITS) Test 
 The ITS test was conducted on roadway cores and SGC samples at 25°C according to 
AASHTO T245, and the ITS was used in the subsequent section of analysis. A 101.6 mm 
diameter and 63.5 mm height cylindrical specimen was loaded to failure along the diametrical 
plane of the sample at a deformation rate of 50.8 mm/min using a MTS 810 machine. Two 
vertical and two horizontal Linear Variable Deformation Transducers (LVDT) were 
instrumented (as shown in Figure 3.9) to measure the vertical and horizontal deformation of 
the specimen continuously, respectively. Figure 3.10 p
The indirect tensile strength (ITS) was computed using the following equations for 101.6 mm 
diameter samples with 12.7 mm curved loading strips: 
resents the typical output of the test. 
2PITS
DTπ=                                                          (3.1) 
 m 
edure (Mohammad et al., 1993) 
as co
Where,                         
                                           P = the peak load, KN 
                                           D = specimen diameter, m 
                                           T = specimen thickness,
3.3.1.2 Indirect Tensile Resilient Modulus (ITMr) Test 
 
ITMr test according to the modified ASTM 4123 proc
w nducted using an MTS 810 machine on both roadway cores and SGC samples with 
101.6 mm in diameter and 63.5 mm in height, and ITMr was used in the subsequent section of 
analysis. For each specimen, the test was conducted at temperature of 5°C, 25°C, and 40°C. 
At each temperature, after one test was finished, the specimen was rotated 90 degrees and 
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Figure 3.9 Specimen instrumentation for ITS test 
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Figure 3.10 Typical output of ITS test (load vs horizontal and vertical deformations) 
 
tested again. The average of the two test results was reported as the resilient modulus of the 
specimen at that temperature. In the test, after the specimen was brought to the test 
temperature, a 200-cycle haversine load with 0.1 second loading period and 0.4 second rest 
period in each loading cycle was applied along the diametrical plane on the specimen to 
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condition it to get uniform readings in load and deformation. Then, a four-cycle haversine 
compressive load was applied and load and deformation data were automatically recorded 
through a data acquisition system. The magnitudes of the load at 5°C, 25°C, and 40°C were 
15%, 10%, and 5% of the indirect tensile strength at 25°C respectively. The specimen 
s shown in Figure 3.9). Typical outputs are 
 be calculated with the 
trips: 
instrumentation was the same as the ITS test (a
shown in Figure 3.11. The Poisson’s ratio and resilient modulus can
following equations for 101.6 mm diameter samples with 12.7 mm curved loading s
3.59 0.27H
V
µ = −                                                      (3.2) 
( 0.27)PMr
HT
µ +=                                                      (3.3) 
Where, 
                                    µ = Poisson’s ratio, 
ulus, MPa 
 
SGC specimens were tested in each test section. In addition, for each mixture, the test was 
               
                                               H = horizontal deformation, mm 
                                               V = vertical deformation, mm 
                                               Mr = resilient mod
                                               P = repeated load, N 
                                               T = specimen thickness, mm 
3.3.1.3 Frequency Sweep at Constant Height (FSCH) Test 
The FSCH test was conducted both on roadway cores and SGC samples according to 
AASHTO TP 7- 94 procedure E at 48 °C and 60°C with the Superpave Shear Tester (SST), 
and G* and phase angle were used in the subsequent section of analysis. Two cores and two 
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Figure 3.11 Typical load and deformation record of ITMr test 
 
also conducted at the temperature sequence of -10°C, 4°C, 25°C, 38°C, and 54°C to construct 
 master curv mperature, a 
sinusoidal shear (horizontal) strain with peak amplitude of 0.005 percent was applied to the 
150mm diameter sam , 0.02, and 0.01 Hz. 
 response to the shear strain, a shear stress occurred. At the same time, vertical stress was 
applied to the specimen to prevent it from dilating and to keep it at constant height. Figure 
3.12 shows the schematic load applications in the test. The specimen was instrumented with 
one horizontal and one vertical LVDT, as shown in Figure 3.13. During the test, the shear 
load, shear deformation, vertical load, vertical deformation were continuously measured and 
recorded for the last 5 cycles at each frequency in the data acquisition system. Signal (a data 
processing software), incorporated in the machine, checked the data quality and calculated 
shear stress and shear strain automatically. Figure 3.14 presents a typical output of the test 
data from Signal. Two viscoelastic properties (complex shear modulus and phase angle) were 
obtained from the FSCH test. The complex shear modulus (G*) was determined by the 
following equations: 
a e. In the test, after the specimen was conditioned to the test te
ples at the sequence of 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05
In
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                                                             (3.4) 
                                 Shear strain, γ = δ / 2d                                                                     (3.5) 
               
2
ted on laboratory compacted slabs for 
all the mixtures in this study, and rut depth w
wo slabs (320 mm x 260 m
ultaneously. LWT test is a torture test. After duplicate specimens are placed in the device 
and pre-conditioned in water at 50°C, the wheels are set in motion to reciprocate over tested 
slabs to produce damage. The test continues at 50 °C for 20000 cycles or 20 mm deformation, 
Shear stress, τ12 = V / A                                            
  12 h 
                                   Complex shear modulus, G* = τ12 / γ12                                                                       (3.6)     
  Where, 
                                        V = peak shear load, N 
                                        A = cross-section area of the specimen, mm
                                        δh =  peak to peak displacement in the shear direction, mm 
                                        d = distance over which the shear deformation is measured, mm 
The phase angle ∆ is defined as the relative time lag between the shear strain and shear stress 
in degree and is computed as follows: 
∆ = 360 ∆t f                                                           (3.7) 
Where, 
                                               ∆t = time lag between shear strain and shear stress, second 
                                               f = frequency of the applied shear strain, Hz 
3.3.1.4 Loaded Wheel Tracking (LWT) Test 
 
 Loaded Wheel Tracking (LWT) test was conduc
as used in the subsequent section of analysis. 
T m x 80 mm) were tested for each section and they were tested 
sim
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 variable magnitude 
to keep specimen 
height constant 
0.005 
Shear Strain, % 
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for frequencies 0.01 to 10 Hz 
Time  
 
Figure 3.12 Shear strain and axial stress applications in FSCH test 
 
 
Figure 3.13 Specimen instrumentation for FSCH test 
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Figure 3.14 Typical output of FSCH test in  Signal 
 
whichever is reached first. The load on the wheel is 710 N. the wheels make approximately 50 
passes across the slabs per m
chine used in this 
study. Figure 3.16 shows the typical 
Consolidation is the amount of deformation, which rapidly occurs during the first few minutes 
of the test due to the compacting effect of the steel wheel on the specimen. A point of 
inflection occurs after this initial consolidation is completed. The Inverse Creep Slope is 
reported in passes per mm. The higher this value the more resistant the mixture is to 
permanent deformation. The Stripping Inflection Point is determined where the Creep Slope 
and Stripping Slope intersect. It is defined as the number of passes at which moisture damage 
begins to adversely affect the mixture. The Stripping Inflection Point is related to the amount 
inute. The average rut depths during the wheel tracking are 
continuously recorded. Figure 3.15 presents the Hamburg wheel-tracking ma
test result of LWT test. The Post Compaction 
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of mechanical energy required to produce stripping under the test conditions. A higher 
Stripping Inflection Point indicates that a mixture is less likely to strip. The Inverse Stripping 
y flow). The lower the Inverse 
Stripping Slope the more severe the moisture damages. 
Slope is calculated after the Stripping Inflection Point (tertiar
 
Figure 3.15 Hamburg wheel tracking test machine 
 
 
 
Figure 3.16 typical test result of WLT test 
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3.3.1.5 Dynamic Modulus (|E*|) 
 Dynamic modulus |E*| is the absolute value of the complex modulus calculated by 
 
to-peak strain for a material subjected to a sinusoidal 
 applied to condition the sample to get uniform load and deformation 
waveform. The dynamic load was adjusted to obtained axial strains between 50 and 100 
microstrain. Figure 3.18 shows the schematic of dynamic modulus test waveform. Over the 
last 5 loading cycles for each test condition, test data were recorded and used for calculation. 
Loading stress, σo, was calculated with the following equation: 
dividing the peak-to-peak stress by peak-
loading. Dynamic modulus test was performed using Universal Testing Machine (UTM-25) 
according to the AASHTO TP62-03 “Standard Method for Determining Dynamic Modulus of 
Hot-Mix Asphalt Concrete Mixtures” on 150 mm in height and 100 mm in diameter 
cylindrical samples, which were made by coring 100 mm samples from 150 mm in diameter 
SGC specimens and then trimming into 150 mm in height with two ends parallel to each 
other. The specimen instrumentation is shown in Figure 3.17, in which three LVDTs with 
gauge length (GL) of 70mm ±1 mm were used. The test series for each sample consisted of 
testing at –10, 4, 25, 38, and 54oC at loading frequencies of 0.1, 0.5, 1.0, 5, 10, and 25 Hz at 
each temperature. Each specimen was tested for all of the 30 combinations of temperature and 
frequency of loading (starting with the lowest temperature and proceeding to the highest).  
Testing at a given temperature began with the highest frequency of loading and proceeded to 
the lowest. After the sample was brought to the test temperature, a certain amount of cycles of 
haversine load was
σo A=                                                              
P
              (3.8) 
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Where: 
                             P  =  average load of the 5 cycles, N 
                     A  =  cross-sectional area of specimen, mm2
                     σo =  axial stress, MPa 
The recoverable axial strain, εo, was calculated with the following equation: 
ε o GL
∆
Where: 
                      
=                                                                             (3.9) 
∆    =  average deform tion of the 5 cycles, mm 
                  GL =  gage length, mm 
                  ε
a
ent section of analysis, was calculated with 
the following equation: 
o   =  strain, mm/mm 
The dynamic modulus, |E*|, used in the subsequ
oε
oE σ=|*|                                                     (3.10) 
owing equation:  The phase angle was calculated with the foll
)360(×=
p
i
t
tφ                                                (3.11) 
Where  
  ti  = average time lag between a cycle of stress and strain (sec) 
  tp = average time for a stress cycle (sec) 
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Figure 3.17 Specimen instrumentation for dynamic modulus test 
 
 For simplification, E* is used in the following sections as a symbol for dynamic 
modulus. 
 
Figure 003) 
al Tests 
mb
mm
ides a brief description of each test procedure. 
 3.18 Schematic of dynamic test data (Bonaquist et al., 2
 
3.3.2 Laboratory Physic
In the laboratory, two density tests, Conventional and Vacuum sealing methods, were 
conducted on each roadway core to measure the bulk specific gravity (G ). In addition, 
theoretical maximum density (G ) of mixtures at each test section was measured for 
computing air voids. The following section prov
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3.3.2.1 Theoretical Maximum Density 
 Theoretical Maximum Density (Gmm) is defined as the ratio of the weight in air of a 
unit volume of an uncompacted bituminous paving mixture at a stated temperature to the 
weight of an equal volume of gas-free distilled water at a stated temperature. Gmm is required 
to calculate air voids of the compacted specimens. The Rice Method, as specified in the 
ASTM D2041 “Standard Test Method for Theoretical Maximum Specific Gravity and 
Density of Bituminous Paving materials”, was used in this study. In the procedure, 
approximately 2000 grams of oven-dried mix was used in the process. The oven-dried mix 
was first weighed in the air (A). A glass pycnometer or a metal flask, as specified in the 
ASTM D2041, was then filled with water and weighed (B). A vacuum was gradually applied 
on the pycnometer after filling in with the mix and water to release any air that might be 
trapped in the mix. The vacuum was then released and the weight of the container filled with 
water and sample mix was taken (C). Theoretical maximum density was computed using the 
following formula: 
mm
AG =
A B C+ −
                                                 A = weight of mix, gram 
                          B = weight of pycnometer filled with water, gram 
eter, water, and mix, gram 
3.3.2.2 Air Voids - AASHTO T-166 Method 
           This test was conducted according to AASHTO T-166 “Standard Specification for 
Bulk Specific Gravity of Compacted Bituminous Mixtures Using Saturated Surface Dry 
                                                      (3.12) 
Where, 
                                                 C = weight of pycnom
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Specimens”. The specimen was placed in an oven at a temperature of 52°C overnight and then 
weighed every two hours. The sample was considered dry when the change in weights 
obtained (in any consecutive two hours) was less than 0.05% of the sample weight. Then the 
sample was removed from the oven for five hours to cool to room temperature. The weight of 
the specimen in the air (Wair) was recorded. Then, the specimen was soaked in water bath at 
25°C for 4 minutes and weighted in water (Wsub). The specimen was removed from the water 
and blotted with a towel as quickly as possible to achieve Saturated Surface Dry (SSD) 
condition. The weight in this condition (Wssd) was then measured. The bulk specific gravity 
(Gmb) of the specimen was calculated as follows: 
air
mb
ssd suW W−
WG =                                                     (3.13) 
b
Once the bulk specific gravity of a sample was computed, the air voids (AV) of the 
specimen in percentage was determined as: 
1001 ×⎟⎟
⎞
⎜⎜
⎛ −=
mm
mbGAV                                               (3.14) 
3.3.2.3 Air Voids - Vacuum Sealing Method 
⎠⎝ G
 The test was conducted as specified in ASTM 6752-02 “Standard Test Method for 
that in section 3.3.2.3. A plastic bag provide
bag using the Vacuum sealing machine, and weighed together both in the air and submerged 
in water at 25°C. The sample was then removed from the bag and weighed again in the air to 
Bulk Specific Gravity and Density of Compacted Bituminous Mixtures Using Automatic 
Vacuum Sealing Method”. The samples were dried in the oven using the same procedure as 
d by the manufacturer and the dry sample (cooled 
to 25°C) were weighed in the air, respectively. Then, the sample was vacuum-sealed in the 
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ensure that there was no water leaking to the bag. The weight data were then entered into 
software provided by the manufacturer to compute the bulk specific gravity (Gmb). The air 
void of the sample was computed using Equation 3.14. Figure 3.19 shows the test procedure 
of Vacuum sealing method. 
 
 
 
Figure 3.19 Test procedure of Vacuum sealing method  
3.4 Field Test Methods 
 The field tests conducted i
 
n this research included Falling Weight Deflectometer 
(FWD), Light Weight Falling Weight Deflectometer (LFWD), Portable Seismic Pavement 
Analyzer (PSPA), and Pavement Quality Indicator (PQI). The following section gives a 
description for each test and the machine used. 
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3.4.1 F
vement under the plate was measured by a load cell, 
and the
ack calculation, a set of material properties (elastic modulus and 
Poisson’s ratio) for all pavement layers were assumed and thickness for each layer were 
ntered into the program. Then the theoretical deflections under the applied load were 
calculated. These theoretical deflections were compared with measured deflections and the 
assumed moduli were then adjusted in an iterative procedure until there was no significant 
difference between theoretically calculated and the measured deflections. Thus, the final 
assumed moduli were considered the real layer moduli and was used in the subsequent section 
of analysis. 
 
alling Weight Deflectometer (FWD) 
The Falling Weight Deflectometer (FWD) is a trailer-mounted device for non-
destructive pavement test. A Dynatest FWD Model 800 (as shown in Figure 3.20) was used in 
this study. The FWD test applies a transient load (approximately a half-sinusoidal wave with a  
loading time of between 25 and 40 milliseconds) to the pavement by dropping a weight from 
a specified height on a 300 mm circular loading plate with a thin rubber pad mounted 
underneath. The load applied to the pa
 deflections induced by the impulse load were measured by seven sensors (geophones) 
placed at 0, 200, 300, 450, 600, 900, and 1500 mm away from the center of the loading plate. 
A different load magnitude can be generated by varying the mass of weight and drop height. 
A 40KN load level was used in this study. All test data were automatically saved in a 
computer and were used to back calculate the elastic modulus of each pavement layer using 
the MICHPAVE. In the b
e
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Figure 3.20 Dynatest Model 8000 (FWD) (LTRC 2000) 
3.4.2 Light Fallin
 
g Weight Deflectometer (LFWD) 
Light Falling Weight Deflectometer (LFWD) was originally developed in Germany as 
an alternative in situ testing to the plate load test. LFWD consists of a loading device that 
produces a defined lad pulse, a loading plate, and one center geophone sensor (as shown in 
Figure 3.21) (Zorn, 2001). PRIMA 100 LFWD, as shown in Figure 3.21, was used in this 
study. It weights 26 kg and has a 10 kg falling mass, which impacts a spring to produce a load 
pulse of about 12-25 milliseconds depending on the material it is testing. It has a load range of 
1- 15 KN and can measure a maximum deflection of up to 22 mm (Fleming et al., 2000). Two 
loading plates of varying diameter of 100 mm and 200 mm were used in this study.  
The LF  85 cm height 
along the guide rod onto a loading plate, which generates a load pulse in the pavement. The 
center censor attached to LFWD plate measured the center deflection. A software (Prima) 
 
WD test was performed by freely dropping the 10 kg weight from
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 Drop weight 
Guide rod 
Spring 
Computer with 
control softwareLoading plate 
Figure 3.21 Prima 100 light falling weight deflectometer 
incorporated in the machine used the load and center deflection to compute the modulus based 
on the solution given by Boussinesq for an applied load over a single circular loaded area on 
an elastic half space (Nazzal and Seyman, 2004). The equation used to calculate the modulus 
ELFWD, Which was used in the subsequent section of analysis, was as follows:  
c
LFWD
RE δ
σν ×−= )1(2
2
                                              (3.15) 
here, W
                                                 σ = applied stress, MPa 
                                                 R = loading plate radius, mm 
                                                 δc = deflection measured under the plate, mm 
                                                 ν = Poisson’s ratio 
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3.4.3 Portable Seismic Pavement Analyzer (PSPA) 
The Portable Seismic Pavement Analyzer (PSPA), as shown in Figure 3.22, is a device 
designed to determine the average modulus of the top layer of pavements, which was used in 
e subsequent sections of analysis. 
The PSPA, as shown in Figure 3.22, consists of two receivers (accelerometers) and a 
seismic 
sts. The device is operated from a computer. This computer is connected to the transducer 
unit through a c al measured to 
the data acquisition board in the computer. 
The operating principle of the PSPA is based on generating and detecting stress waves 
in a medium. The Ultrasonic Surface Wave (USW) method, which is an offshoot of the 
Spectral Analysis of Surface Wave (SASW) ethod (Nazarian et al., 1997 B), is used to 
determine the modulus of the material. In the data reduction, the dispersion curve (a plot of 
velocity of propagation of surface waves ith wavelength) is obtained knowing the 
relationship between velocity and wavelength, as indicated in Equation 2.8. Then, the 
modulus is calculated as Equation 2.9. 
During the test, the testing sequence was initiated through the program (SPA manager) 
in the computer. The high-frequency source was activated eight times. The outputs of the two 
receivers from the last three impacts were saved and averaged. The other (pre-recording) 
pacts are used to adjust the gains of the amplifiers. The gains were set in a manner that 
optimizes the dynamic range. The procedure used to conducted PSPA test in this study is 
presented in Appendix B. 
th
source packaged into a hand-portable system, which can perform high frequency 
te
able that transfers the command to the electrical box and sign
m
w
im
 58
 Computer with 
control software
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Figure 3.22 Portable seismic pavement analyzer (PSPA) 
 
3.4.4 Pavement Quality Indicator (PQI) 
Density of hot mix asphalt pavement is the most important construction variable in the 
(PQI) is a relatively new 
air, water, aggregates, and asphalt has different dielectric constant of 1, 80, 3-5, and 2.8 
durability of asphalt pavement. The Pavement Quality Indicator 
device for nondestructive pavement density test. PQI can make instantaneous, in situ 
measurements of pavement density through the use of constant voltage, low frequency, and 
electrical impedance approach. The device has a circular base plate housing a transmitter at 
the center that emits an electrical flow into the asphalt material. An isolation ring surrounds 
the transmitter and a receiver circumscribes the isolation ring along the outer perimeter of the 
base plate, as shown in Figure 3.23. The electrical flow passes through the asphalt pavement 
in a toroidal electrical sensing field as shown in Figure 3.24. The density is measured by the 
response of the PQI’s electrical sensing field to changes in electrical impendence of the 
material matrix, which in turn is a function of the composite dielectric constant of the paving 
material and the air trapped in the voids of the material. Each material in the asphalt layer—
Receivers
Source 
Transducer
respectively. Since the dielectric constant of air is much lower than that of the paving 
material, as compaction increases, the combined dielectric constant increases because the 
percentage of air in the mix decreases. This implies that the density measured by PQI is a 
relative value, which is a change from a known value. Thus the calibration process for each 
mix is essential.  
 
 
 
Figure 3.23 Plan view of base plate (Hausman and Buttlar, 2002) 
 
 
 
 
Figure 3.24 Cross section view of base plate (Hausman and Buttlar, 2002) 
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 PQI Model 301 (as shown in Figure 3.25) was used in this study. It has different 
settings for aggregate size and pavem ore, it is equipped with temperature 
and m oisture and temperature fluctuations in 
pavem t be influenced by the practical temperature 
and m t ction.  
Figure 3.
 this study, the PQI density measurement was performed five times at each 
 shown in Figure 3.26. 
 aver ent and was used in 
sub u
lected pavement locations in a test section. 
 the te easured 
ethod. The average densities of the five cores were calculated for 
 
 
pavem
The
the 
PQI density m
Then, the asphalt layer of
using AASHTO T-166 m
ent depth. Furtherm
oisture probes and is claimed to account for m
en
ois
, which means the measurement will not 
ure condition in pavement constru
In
ent test point (15 test points at each
25 Pavement Quality Indicator Model 301 
 te
ide
ch
ns w
st section, Figure 1.1), as
red the density of the pavem
 mixture, a calibration procedure was conducted. 
as cored and the core densities were m
age of the five readings was cons
seq ent se
eas
ct
ur
ion
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en
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t w
ana
as
ly
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sis
erf
. F
or
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me
 ea
d at five se
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both PQI test and AASHTO T-166 test methods. The difference in average densities between 
the two
          PQI measurem
 
 
 
 
 
 methods was set in the PQI as calibration number (PQI density was either too high or 
too low) for the mixture tested. 
 
 
                 positions                                                                                                           
 
Figure 3.26 PQI measurement locations at each roadway core 
 
 
 
 
 
ent                                                              Roadway core location 
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CHAPTER 4. DISCUSSION OF RESULTS 
pter, o an p tie  
laboratory test S, , G* t d D W nd A 
modulus) of HMA are presented. Then, different air void m rem m s 
(Conventional, Vacuum ing, PQ fer om io o GC p d 
roadway cores), field tests and laboratory test pared respectively. Accordingly, 
regression relationships between different test me  are presented. 
4.1 Variation i ysic ope  be  T ect
 
 This sec  pres  the v ion xture com io ha de te  
aggr grada ) and void su th en l, m lin d P
methods. 
4.1.1 Variation in Mixture Composition between Test Sections 
 
 uct f pl rodu HM  ea roj oe ug cer pe n 
which a standard lot is 5000 tons, of consecutive uction of asphalt ix from the same 
job mix formula, and a sublot is 1000 tons, as specified in “Louisiana Standard Specifications 
for Roads and Bridges” (2000). The variation in po  
sublots is unavoidable. In addition, the segregation of mixtures often happens to som
Table 4.1 shows the changes of asphalt content ra n fr F  ea st 
section using burned loose mix les. hou e n  th e l  m es st 
nd 6 of I-10 Egan binder course were not available due to the scheduling of 
 composition were computed by subtracting values in JMFs 
om those measured. The positive value in the table represents that the measured value is 
In this cha  the variation in air v ids as well as mech istic roper s from
s (IT ITMr , ru epth) and in situ tests (FW , LF D, a  PSP
easu ent ethod
 seal and I), dif ent c pact n meth ds (S  sam les an
s are com
thods
n Ph al Pr rties tween est S ions 
tion ents ariat  in mi posit n (asp lt bin r con nt and
egate tion  air s mea re id w Conv tiona  V uacu  sea g, an QI 
Prod ion o ant p ced A for ch p ect g s thro h a tain riod, i
 prod ic m
 com sition in mixtures between different 
e degree. 
and g datio  away om JM s at ch te
samp  It s ld b oted at th oose ixtur of te
section 5 a
fieldwork. The changes in mixture
fr
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higher than the one reported in the JMF, and vice versa. As shown in the table, both asphalt 
content and aggregate gradation had apparent variation. For instance, asphalt content changed 
from 0.1 to –0.6 percent, and aggregate percent passing 4.75mm sieve changed from 2.5 to –
1.0 percent for I-10 Egan binder course. Other mixtures had similar variations. According to 
“Louisiana Standard Specifications for Roads and Bridges” (2000), the variation limits for 
asphalt contents and aggregate percent passing 4.75mm sieve are ± 0.2 and ±4 percent from 
the job mix formula, respectively. The variation in gradation of Egan BC is presented in 
Figure 4.1 as a typical example. Metcalf et al. (1996) evaluated the variation in gradation of 
HMA for quality control specifications. Similar variations were observed. 
0
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Figure 4.1 Variation in gradation from JMF for I-10 Egan binder course 
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ixtures 
I-10 Egan BC I-10 Egan WC US190 Base Vinton WC US190 BC LA964 WCTest section 
S1 S2 S3 S4 S5 S6 S1 S2 S3 S4 S5 S6 S1 S2 S3 S1 S1 S2 S1 S2 
Bi ent (%) -0.1 0.6 0.3 0.4 * 0.8 0.8 1.0 1.0 0.8 0.8 0.3 -0.2 -0.4 0.4 0.5 0.2 0.2 nder cont * -0.1
25mm 1.0 3.0 2.1 0.6 * / / / / / / 3.0 1.5 0 3.0 -2.5 0.0 0.0 *  -4.3
19mm -1.0 3.0 3.6 2.1 * / / / / / / 1.1 -5.8 0 0.8 0.0 1.4 0.1 * -5.0
12.5mm -3.0 -0.0 -0.2 -0.1 * 0.1 0.1 0.9 0.9 0.7 0.7 2.4 -7.8 1.0 3.6 3.4 6.0 -1.3* -2.2
9.5mm -4.0 -2.0 -2.4 -2.2 * 0.9 -0.9 1.6 1.6 2.8 2.8 1.3 -4.6 -2.1 1.8 1.5 5.9 -6.6* - -2.8
4.75mm -2.0 1.0 -2.5 -2.5 * 1.8 -1.8 2.4 2.4 0.9 0.9 3.5 -2.0 0.6 0.8 -1.5 3.4 -5.3* - -2.2
2.36mm -1.0 1.0 -1.0 -1.8 * 0.3 -0.3 1.2 1.2 0.1 0.1 3.8 -1.5 -0.2 1.1 -1.7 2.0 -2.9* - -1.4
1.18mm -0.0 -0.0 -1.0 -1.4 * 0.0 -0.0 0.5 0.5 0.3 0.3 3.4 -1.7 - 0.3 -1.9 2.3 4.6 * - -1.2
0.6mm -0.0 -0.0 -1.1 -1.3 * 0.4 0.4 0.7 0.7 0.9 0.9 3.6 -0.9 -1.2 1.8 0.2 3.1 1.2 * -0.3
0.3mm 2.0 2.0 0.5 0.5 * 0.3 0.3 0.5 0.5 0.9 0.9 2.8 0.1 0.7 0.0 1.6 2.0 0.3 -1.5* 
0.15mm 2.0 2.0 1.1 1.2 * / / / / / / 1.6 -0.2  - 0.8 1.3 2.0 0.2 0.1* 
G
r
a
d
a
t
i
o
n
 
.075mm 0.8 1.2 0.5 0.6 * .7 0.7 1.2 1.2 1.3 1.3 1.1 0.2 -0.1 0.6 0.9 1.7 0.0  -0.2
 
 Table 4.1 Production variation of plant produced asphalt m
* 00
    * No loose mix was available 
       S1, S2, S3, S4, S5, and S6 indicate test section 1 through test section 6 
   
4.1.2 Variation in Air Voids between Test Sections 
 
Because of the variation in production as well as segregation, the density of 
compacted roadway asphalt layers also changes within and between test sections, even though 
the compaction effort does not change. It should be noted that the variation in test 
measurements also is a contributor. Table 4.2 shows the air void measurements of roadway 
cores for all mixtures with the Conventional and Vacuum sealing method, as well as air void 
measurem standard 
deviation, and coefficient of variation were calculated within each test section (using the 
specimens in the section), and for each mixture between test sections (using the average of 
each test section for that mixture) if there were three or more test sections for that mixture. 
The results from each method show the relatively high variation both within and between test 
sections even though the variation is different for different test methods. The following 
subsect ach of 
these methods.  
It is noted in Table 4.2 that the variation in 
ents of the corresponding test sections with PQI device. The average, 
ions describe the variation of air voids between test sections measured with e
4
 
.1.2.1 Variation of Air Voids with Conventional Method 
air voids was mostly higher between test sections 
than that within each test section, which indicated that the variation between different 
production days was a major contribution to the total variation in air voids. The percent 
coefficient of variation between test sections from Conventional method was 25.9% for I-10 
Egan binder course, 19.4% for I-10 Egan wearing course, and 14.0% for US190 base course. 
In addition, the variation within test sections was relatively high in many test sections. The 
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Table 4.2 Summary of air void measurement results 
Conventional Vacuum sealing PQI Project & test 
section Void STD %CV Void STD %CV Void STD %CV
S1 3.6 0.5 14.7 3.2 0.5 15.3 3.4 0.5 14.7 
S2 4.2 0.6 14.6 3.5 0.9 25.7 4.8 0.4 8.3 
S3 5.9 0.8 12.9 6.2 1.4 21.9 5.6 0.6 10.7 
S4 5.4 0.8 14.0 6.2 1.5 24.4 5.7 0.8 14.0 
S5 7.0 1.7 24.1 7.9 2.1 26.4 6.9 2.0 29.0 
S6 7.1 1.1 14.9 8.2 1.3 15.8 9.1 1.4 15.4 
Avg. 5.5 5.9 5.9 
STD 1.4 2.1 1.9 
I-10 Egan 
BC 
%CV 25.9 
 
36.2 
 
32.8 
 
S1 6.7 0.4 6.6 7.0 0.6 8.3 6.1 0.9 14.8 
S2 4.6 1.1 24.5 4.8 1.2 25.3 5.3 1.1 20.8 
S3 8.0 0.2 2.0 8.6 0.3 3.8 7.9 0.5 6.3 
S4 7.4 1.6 21.6 7.9 2.0 25.1 6.5 1.0 15.4 
S5 5.5 0.7 12.9 5.6 0.7 12.7 4.5 1.0 22.2 
S6 6.2 0.5 8.8 6.4 0.5 8.5 6.1 0.3 4.9 
Avg. 6.4 6.7 6.1 
STD 0.8 1.4 1.1 
I-10 Egan 
WC 
%CV 19.4 21.1 
 
18.9 
 
 
S1 6.4 0.7 10.3 7.4 0.8 10.9 5.8 0.8 13.8 
S2 7.1 0.7 10.5 8.3 1.1 13.1 7.0 0.9 12.9 
S3 5.6 0.2 3.7 8.0 0.7 9.8 9.5 3.1 32.6 
Avg. 6.4 7.9 7.4 
STD 0.9 0.5 1.9 
US190 
Base 
 
%CV 14.0 
 
5.8 
 
25.4 
 
S1 7.1 0.7 10.4 9.0 1.0 11.1 6.6 1.2 18.2 
S2 6.8 0.4 6.1 9.5 1.0 10.1 7.7 1.8 22.9 US190 BC 
Avg. 7.0  9.3  7.2  
S1 8.1 0.5 6.7 8.5 0.5 6.2 8.6 0.7 8.5 
S2 9.8 1.4 14.0 10.5 1.6 15.1 11.3 0.8 7.1 LA964 WC 
Avg. 9.0  9.5  10.0  
Vin
WC S1 7.5 0.6 7.8 8.0 0.6 7.1 7.9 0.5 6.4 
ton 
        Note: 
                 Void = average of air voids; STD = standard deviation; %CV = percent      
                 coefficient of variation 
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highest percent coefficients of variation within test section from Conventional method was 
24.1% for I-10 Egan binder course, 24.5% for I-10 Egan wearing course, and 10.5% for 
US190 base course, as indicated in Table 4.2. It was considered that the variation within each 
test section might be attributed to segregation while variation between test sections was 
attributed to both production and segregation. Figure 4.2 through Figure 4.7 illustrate the 
variation of air voids between test sections for each mixture graphically. The error bar, as 
illustrated each test 
section. The variations in air voids were relatively high both within and between test sections, 
as indicated in figures. Since there were only one or two test sections for US190 binder 
course, LA964 wearing course, and I-10 Vinton wearing course, only range and/or overall 
average of air voids are shown for each project. 
, represents one standard deviation of the measured air voids within 
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Figure 4.2 Air voids of I-10 Egan binder course with Conventional method  
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Figure 4.3 Air voids of I-10 Egan wearing course w
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Figure 4.4 Air voids of US190 base course with Conventional method 
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Figure 4.5 Air voids of US190 binder course with Conventional method 
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Figure 4.6 Air voids of LA964 wearing course with Conventional method 
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Figure 4.7 Air voids of I-10 Vinton wearing course with Conventional method 
 
4.1.2.2 Variation of Air Voids w
 
Figure 4.8 through Figure 4.13 illustrate the variation of air voids between test 
sections for each mixture from Vacuum sealing method. Similar to Conventional method, 
Vacuum sealing method also indicated high variation in air voids both within and between 
test sections for each mixture. The percent coefficients of variation from Vacuum sealing 
method for I-10 Egan binder course, I-10 Egan wearing course, and US190 base course were 
36.2%, 21.1%, and 5.8% respectively. The highest percent coefficients of variation within test 
section from Va 0 Egan binder 
course, I-10 Egan wearing course, and US190 base course respectively, as indicated in Table 
ith Vacuum Sealing Method 
cuum sealing method were 26.4%, 25.3%, and 13.1% for I-1
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4.2. Again, only range and/or overall average of air voids are shown for US190 binder course, 
LA964 wearing course, and I-10 Vinton wearing course due to insufficient test sections in 
each project. 
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Figure 4.8 Air voids of I-10 Egan binder course with Vacuum sealing method 
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Figure 4.9 Air voids of I-10 Egan wearing course with Vacuum sealing method 
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Figure 4.10 Air voids of US190 base course with Vacuum sealing method 
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Figure 4.11 Air voids of US190 binder course with Vacuum sealing method 
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Figure 4.12 Air voids of LA964 wearing course with Vacuum sealing method 
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Figure 4.13 Air voids of I-10Vinton wearing course with Vacuum sealing method 
4.1.2.3 Variation of Air Voids with PQI Measurements 
Figure 4.14 through Figure 4.19 illustrate the PQI air void measurements between test 
sections for each mixture. PQI indicated similar variation to those from Conventional and 
Vacuum sealing methods.  The percent coefficients of variation from PQI measurements for 
the I-10 Egan binder course, I-10 Egan wearing course, and US190 base course were 32.8%, 
18.9%, and 25.4% respectively. The highest percent coefficients of variation within test s-
ection from PQI were 29.0%, 22.2%, and 32.6% for I-10 Egan binder course, I-10 Egan 
wearing course, and US190 base course respectively, as indicated in Table 4.2. Only range 
and/or overall average of air voids are shown for US190 binder course, LA964 wearing 
course, and I-10 Vinton wearing course due to insufficient test sections in each project. 
4.2 Variation in Mechanistic Properties between Test Sections 
 The following sections describe the variations in mechanistic properties of HMA (both 
laboratory and field tests) for each mixture. The mechanistic properties from laboratory tests 
include ITS, ITMr, G*, and rut depth. The mechanistic properties from field tests include 
FWD backcalculation modulus, LFWD deformation modulus, and PSPA modulus. It is noted 
that there was one test section in I-10 Vinton wearing course, as shown by the S1 designation, 
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Figure 4.14 PQI air void measurements of I-10 Egan binder course 
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Figure 4.15 PQI air void measurements of I-10 Egan wearing course 
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Figure 4.16 PQI air void measurements of US190 base course 
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F e 4.18 air void urements of LA964 wearing course 
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but three SGC samples and three roadway cores were tested in each laboratory test. The three 
samples were designated as S1-1, S1-2, and S1-3, respectively. In addition, all the 
mechanistic field test results (FWD, d PSPA ected to 25 °C using the 
following equation (Li and zarian,
LFWD, an ) were corr
 Na  1994): 
T
ET=E ×− 014.035.125
Where, 
                                       E25 = modulus at 25 °C, MPa 
                                       ET = modulus at test temperature, MPa 
                                       T = pavement mid depth temperature, °C 
The pavement mid depth temperature was obtained using BELLS3 (Lukanen et al., 2000) 
model as shown in the fo
        T = 0.95 + 0.892 × IR + {log (d) – 1.25}{-0.448 × IR + 0.621 × (1-day) 
               + 1.83 × sin (hr18 – 15.5)} + 0.042 × IR×sin (hr18- 13.5)                        (4.2) 
Where, 
         T = Pavement temperature at depth d, °C 
         IR = Infrared surface temperature, °C 
         log = Base 10 logarithm 
         d = Depth at which mat temperature is to be predicted, mm 
         1-day = Average air temperature the day before testing, °C 
         sin = Sine function on an 18-hr clock system, with 2π radians equal to one 18-hr cycle 
         hr18= Time of day, in 24-hr clock system, but calculated using an 18-hr asphalt concrete             
                                                     (4.1) 
llowing equation: 
 77
4.2.1 Variation in Mechanistic Laboratory Test Results 
 This sub-section presents variation in laboratory test results, including ITS, ITMr, 
FSCH, and LWT tests. Mechanistic properties presented are ITS at 25 °C, ITMr at 5 °C, 25 
°C, 40°C, G* at 10 Hz (48 °C and 60 °C), G*/sin (δ) at 5 Hz (48 °C and 60 °C), phase angle, 
and rut depth, respectively. 
4.2.1.1 Variation in Indirect Tensile Strength between Test Sections 
Table 4.3 presents the ITS test results of roadway cores and SGC samples of all the 
mixtures. From the test results of core samples, ranking the asphalt mixtures in terms of their 
ITS in a descending order yielded: I-10 Egan binder course, I-10 Vinton wearing course, 
US190 binder course, I-10 Egan wearing course, LA964 wearing course, and US190 base 
course. For SGC samples, the descending order was: I-10 Egan binder course, I-10 Egan 
wearing course, LA964 wearing course, I-10 Vinton wearing course, US190 base course, and 
US190 binder course. Table 4.4 shows the ranking in descending order for ITS of SGC 
samples and roadway cores. It is noted that the two orders were not the same. This may be 
attributed to the difference in aggregate orientation in the two compaction methods. Figure 
4.20 through Figure 4.25 show the ITS test results of both SGC samples and roadway cores 
for all the mixtures. For mixtures with three or more test sections, the variations (%CV) in 
ITS of roadway cores was 14% for I-10 Egan binder course, 11% for I-10 Egan wearing 
course, and 12% for US190 base course. The corresponding variations for SGC samples of 
the three mixtures were 16%, 9%, and 27%. The US190 binder course and LA964 wearing 
ourse had the similar variations even though there were only two test sections in each of 
them. It is noted that the variation in I-10 Vinton wearing course was the lowest. Since there 
c
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was only one test section in this mixture, it seemed that production variation was a major 
contribution to the total variation compared with segregation, especially for mixtures with 
small nominal maximum aggregate size (NMS), with the assumption that other variations 
such as test and operator were the same for all the mixtures. 
4.2.1.2 Variation in Indirect Tensile Resilient Modulus between Test Sections 
Table 4.5 presents the ITMr test results of roadway cores and SGC samples of all the 
mixtures. The variation at different temperatures was different for both SGC and roadway 
core samples. The highest variations (%CV) in roadway core samples were 20% for I-10 Egan 
binder course, 8% for I-10 Egan wearing course, and 10% for US190 base course. Similarly, 
the highest variations in SGC samples were 12% for I-10 Egan binder course, 13% for I-10 
Egan wearing course, and 19% for US190 base course. It is noticed that the variations (%CV) 
in ITMr of roadway cores between test sections were lower than those of SGC samples for all 
cases except I-10 Egan binder course ITMr measurements at 5 °C, which had %CV of 2% in 
SGC samples ow the ITMr 
test results at 5°C, 25 °C, and 40 °C graphically. Range, average, and %CV are indicated in 
each figure except for US190 binder course, LA964 wearing course, and I-10 Vinton wearing 
course. Only average and range are shown since the three mixtures only have one or two test 
sections available. It is noted from the figures that SGC samples have higher %CVs than 
roadway cores for the mixtures that have three or more test sections. 
Table 4.6 shows the ranking in descending order for ITMr of SGC samples and 
roadway core methods and 
mperatures are different. This indicates that a mixture is stiffer at one temperature does not 
and %CV of 20% in roadway cores. Figure 4.26 through 4.43 sh
s at 5 °C, 25 °C, and 40 °C. The orders for different compaction 
te
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  Table 4.3 ITS test results for all the mixtures 
ITS of SGC f ITS o  core 
Mixture se
T
c   s
Air voids 
K  
est 
tion
Air voids 
(%) (KPa) (p i) (%) ( Pa) (psi) 
S 2 631 8.6 11 3 1  3.4 1440 209 
S 7 712 6.3 11 8 1  6.3 1137 165 
S3 8 156.4 14 1 2  6.9 999 145 
S 4  30 224 .8 15  2  5.2 1151 167 
S5  * * * 6.4 1419 206 
S * 6 * * 7.5 12  33 179 
Avg. 6.5 28 93 6.0 1230 179 13  1  
S 0TD 1.6 207 3  1.5 172 25 
I-10 Eg
BC 
% 6 6 2
an 
CV 24 1  1  5 14 14 
S1 6 696.9 11 4 1  6.8 958 139 
S 3 652 6.0 11 7 1  6.6 1137 165 
S3 5 967.2 13 0 1  8.0 909 132 
S 2 924 6.0 13 3 1  6.0 1206 175 
S 3 94 1  165 5 7.1 13 7 1  6.3 137
S 54 11 5.6 11  166 6 5.3 14  2  44
A 9 88vg. 6.4 12 4 1  6.6 1082 157 
S 8TD 0.8 121 1  0.8 119 17 
I-10 Eg
WC
%CV 12 9 1
an 
 
9 2 11 11 
S1 1 35 . 9 133 6.6 93  1  6 7 14 
S2 2 18 6. 7  109 6.9 81  1  9 53
S 73 5.5 533 7  5.6 736 107 
A 10vg. 6.3 759 1  6.4 801 116 
S 0TD 0.7 204 3  0.7 98 14 
US1
Bas
9
e
% 7 7 1
0 
 
CV 12 2  2  1 12 12 
S 0 751-1 7.6 12 6 1  7.4 1109 161 
S 8 721-2 7.2 11 5 1  7.0 1116 162 
S 9 591-3 6.7 10 6 1  * * * 
I-10
Vinton
 
A 6 69
 
 
WC
vg. 7.2 11 2 1  7.2 1113 161 
S1 8.3 723 105 6.3 1140 165 
S2 8.2 791 115 6.5 1039 151 US190 BC 
Avg. 8.3 757 110 6.4 1089 158 
S1 7.6 1226 178 7.1 952 138 
S2 7.1 1321 192 6.5 1039 151 LA964 WC 
Avg. 7.4 1274 185 6.8 996 145 
      * Sample was not available 
       
 80
                                    Table 4.4 Ranking of ITS for all the mixtures 
Ranking SGC Core 
1 Egan BC Egan BC 
2 Egan WC Vinton WC 
3 LA964 WC US190 BC 
4 Vinton WC Egan WC 
5 US190 Base LA964 WC 
6 US190 BC US190 Base 
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Figure 4.20 ITS of I-10 Egan binder course 
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Figure 4.21 ITS of I-10 Egan wearing course 
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Figure 4.22 ITS of US190 base course 
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Figure 4.23 ITS of I-10 Vinton wearing course 
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Figure 4.24 ITS of US190 binder course 
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Figure 4.25 ITS of LA964 wearing course 
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Figure 4.26 ITMr tests results of I-10 Egan binder course at 5 °C 
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Figure 4.27 ITMr tests results of I-10 Egan wearing course at 5 °C 
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Table 4.5 ITMr test results for all the mixtures 
ITMr of SGC samples ITMr of cores 
5°C 25°C 40°C 5 °C 25°C 40 °C Mixture Test section 
Air 
voids 
(%) MPa ksi MPa ksi MPa ksi 
Air 
voids
(%) MPa ksi MPa ksi MPa ksi 
S1 7.3 4365 634 2780 403 1588 230 3.1 5526 802 3411 495 1695 246
S2 6.0 4492 652 3331 483 1598 232 4.0 5843 848 3149 457 1643 238
S3 6.0 4361 633 3558 516 1981 288 6.5 4658 676 3370 489 1620 235
S4 4.7 4286 622 3712 539 1968 286 4.9 3404 494 3347 486 1485 216
S5 * * * * * * * 8.6 4217 612 3285 477 1494 217
S6 * * * * * * * 8.1 4182 607 3132 455 1416 206
Avg. 6.0 4376 635 3345 485 1784 259 5.9 4638 673 3282 476 1559 226
STD 1.1 85 12 408 59 220 32 2.2 911 132 117 17 109 16 
Egan 
BC 
%CV 18 2 2 12 12 12 12 38 20 20 4 4 7 7 
S1 399 2037.1 5105 741 2560 372 1192 173 6.8 5130 745 2880 418 1
S2 326 1925.0 5257 763 2856 415 1299 189 4.3 5350 776 3183 462 1
S3 7.2 4923 715 2598 377 1364 198 7.8 5185 753 2604 378 1213 176
S4 5.3 4420 642 3045 442 1543 224 5.8 4609 669 3190 463 1495 217
S5 5.6 5519 801 3280 476 1709 248 5.7 5925 860 2987 434 1492 217
S6 7.5 4237 615 2656 385 1492 217 6.6 4988 724 2842 412 1433 208
Avg. 6.3 4910 713 2833 411 1433 208 6.2 5198 754 2948 428 1393 202
STD 1.1 494 72 285 41 186 27 1.2 435 63 223 32 108 16 
Egan 
WC 
%CV 18 10 10 10 10 13 13 19 8 8 8 8 8 8 
S1 7.9 3486 506 2856 415 1447 210 7.8 4461 647 3069 445 1220 177
S2 9.1 2956 429 2394 347 1233 179 9.3 3741 543 2704 392 1288 187
S3 7.1 2770 402 1933 281 1047 152 6.5 3838 557 2625 381 1288 187
Avg. 8.0 3071 446 2394 347 1242 180 7.9 4013 582 2800 406 1265 184
STD 1.0 372 54 462 67 200 29 1.4 391 57 237 34 40 6 
US190 
Base 
%CV 13 12 12 19 19 16 16 18 10 10 8 8 3 3 
S1-1 8.0 3546 515 2274 330 1309 190 8.1 4806 698 2415 351 1127 164
S1-2 7.4 3528 512 2697 391 1454 211 7.2 4031 585 2756 400 1054 153
S1-3 244 1819.0 3810 553 2529 367 1633 237 8.9 4128 599 2446 355 1
Vinton 
WC 
Avg. 1668.1 3628 527 2500 363 1465 213 8.1 4322 627 2539 369 1142 
S1 8.5 2970 431 2287 332 1340 194 7.6 3359 488 2580 374 1450 210
S2 7.4 3521 511 2325 337 1130 164 7.2 2994 435 2556 371 1412 205US190 BC 
Avg. 8.0 3246 471 2306 335 1235 179 7.4 3177 461 2568 373 1431 208
S1 6.7 5043 732 3583 520 1633 237 6.9 3914 568 2701 392 1375 200
S2 7.1 5502 799 3552 516 1674 243 8.9 3993 580 2945 427 1516 220LA964 WC 
Avg. 6.9 5273 766 3568 518 1654 240 7.9 3954 574 2823 410 1446 210
* Sample was not available 
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Figure 4.28 ITMr tests results of US190 base course at 5 °C 
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Figure 4.29 ITMr tests results of I-10 Vinton wearing course at 5 °C 
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Figure 4.30 ITMr tests results of US190 binder course at 5 °C 
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Figure 4.31 ITMr tests results of LA964wearing course at 5 °C 
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Figure 4.32 ITMr tests results of I-10 Egan binder course at 25 °C 
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Figure 4.33 ITMr tests re ults of I-10 E an wearing urse at 25 °  
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Figure 4.34 ITMr tests results of US190 base course at 25 °C 
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Figure 4.35 ITMr tests results of I-10 Vinton wearing course at 25 °C 
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Figure 4.36 ITMr tests results of US190 binder course at 25 °C 
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Figure 4.37 ITMr tests results of LA964 wearing course at 25 °C 
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Figure 4.38 ITMr tests results of I-10 Egan binder course at 40 °C 
 
 
800
0
200
400
Test section
IT
M
r 
(k
si
)
S1 S2 S3 S4 S5 S6
SGC
Core
SGC Range:173~248, 
Avg.=208,  %CV=13
Core Range:176~217, 
Avg.=202,   %CV=8600
 
Figure 4.39 ITMr tests results of I-10 Egan wearing course at 40 °C 
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Fig  4.4 TMr t sts res ts of 190 se c rse a 0 °C
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Figure 4.42 ITMr tests results of US190 binder course at 40 °C 
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Figure 4.44 Change of ITMr with temperatures for all the mixtures 
 
4.2.1.3 Variation in Complex Shear Modulus between Test Sections 
Table 4.7 and Table 4.8 show the complex shear modulus of roadway cores and SGC 
samples at 48 °C and 60 °C, respectively. It is observed that the variations in G* were 
different for different frequencies. According to time temperature superposition principle, 
lower frequencies are equivalent to higher temperatures and vice versa.  It is not unexpected 
that variations varied acro inant effect on stiffness 
t low temperatures and aggregates dominate at high temperatures. It is also noticed that 
US190 base course had the highest variation in both 48 °C and 60 °C. This trend was also 
shown in ITS and ITMr test results even though it was not as apparent as that in G* test 
results. The average complex shear modulus (G*) test results of SGC samples and roadway 
ss frequencies since binder (mastic) has dom
a
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cores at 48 °C and 60 °C for all mixtures are shown in Figure 4.45 through Figure 4.48. G* 
tended to cluster together at low frequencies and separated at high frequencies. Table 4.9 
presents the ranking of G* at 10 Hz of SGC samples and roadway cores at 48 °C and 60°C for 
all the mixtures. It is noted there were not consistent rankings between different mixtures for 
SGC samples and roadway cores at either 48 °C or 60 °C. However, the rankings for mixtures 
with same compaction method at 48 °C and 60 °C were more or less the same. Since most 
mixtures had higher variations at 10 Hz, G* test results of SGC samples and roadway cores at 
10Hz are shown in Figure 4.49 through 4.54 as typical ones. It is noted that G* of SGC 
samples is significantly h of test sections, which is 
milar to the findings in Peterson et al (2003). Figure 4.55 through Figure 4.58 present phase 
angles at 48 °C and 60 °C for all the mixtures. It is noted that the phase angles at 60 °C were 
lower than those at 48 °C for both SGC samples and roadway cores, which was attributed to 
the dominant effect of aggregates at high temperatures. G*/sin (δ) at 5Hz, as a rutting 
parameter, was evaluated at 48 °C and 60 °C for all the mixtures and presented in Figure 59 
through Figure 70. Table 4.10 shows the ranking of mixtures according to G*/sin (δ) at 5 Hz. 
It is noted that the ranking of G*/sin (δ) at 5 Hz was almost the same as that of G* at 10 Hz. 
4.2.1.4 Variation in Rut Depth from LWT Test Results between Test Sections 
 Table 4.11 presents the LWT test results of all the mixtures. Two slabs from each test 
section were tested and the average was shown in the table. Rut ratio (rut depth×106/pass 
cycle) was calculated for each mixture. The lower the rut ratio, the higher the resistance to 
tting and striping damage. Figure 4.71 presents the average rut ratios for all the mixtures in 
n ascending order. I-10 Vinton wearing course had lowest rut ratio and US190 base course  
igher than that of roadway cores in most 
si
ru
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  Table 4.7 Complex shear modulus test results at 48 °C for all the mixtures 
ples at 48 °C 
( G* of cores at 48 °C (psi) 
G* of SGC sam
psi) 
Fre Freqquency (Hz) uency (Hz) Mixture 
st 
section 
Air 
vo
0.01 
Air 
v
1 .01 
Te ids 
(%) 
10 1 0.1 
oids
(%) 
10  0.1 0
S1 77 2903 47 966.1 21190 65 4020  2.5 11538 31 2917 24
S2 73 714 54 546.0 20653 00 3774 2  3.7 14194 28 3208 25
S3 6 93 324 50 355.0 2458 7 36 4688  905.4 138 51 22 2888 
S4 995 3091 4 583 28744.5 29086 6 4688 4.7 1316 5 3556 
S5 * * 3 667* * * 4.4 1618 6 3875 2903
S6 * * * * * 5.3 18752 6981 3846 2787
Avg. 5.4 23875 8607 4296 3004 4.3 14615 5791 3382 2642
STD 0.8 3890 1263 464 261 1.1 2525 900 435 261 
Egan B
%CV 14 16 15 11 9 25 17 15 13 10 
C 
S1 6.0 23084 9971 5718 4078 7.0 14165 5994 3599 2743
S2 4.7 24165 11858 7315 5298 4.1 14354 5922 3353 2482
S3 7.3 21538 8345 4180 2801 7.8 13759 5994 3541 2685
S4 6.6 28041 10755 5080 3179 8.0 14557 5951 3353 2496
S5 3.8 30842 12337 5980 3846 4.9 17373 6865 3875 2830
S6 5.1 28316 10958 5298 3411 6.4 14325 5602 3106 2322
Avg. 5.6 25994 10711 5602 3774 6.4 14761 6052 3469 2598
STD 1.3 3599 1422 1045 871 1.6 1306 421 261 189 
Egan WC 
%CV 23 14 13 19 23 25 9 7 8 7 
S 2743 24531 7.8 25849 7808 3440 2583 7.4 13193 4151 
S2 8.6 17576 5617 3019 2554 6.3 16038 5080 3106 2787
S3 8.6 15530 5123 3062 2714 6.2 16778 6067 3604 3135
Avg. 8.3 19652 6183 3179 2612 6.6 15341 5094 3149 2787
STD 0.5 5457 1422 232 87 0.7 1887 958 435 348 
US190 
Base 
%CV 6 28 23 7 3 10 12 19 14 12 
S1-1 8.9 32293 13120 6255 4485 8.4 22874 9811 5515 4078
S1-2 7.7 32017 12758 6023 3614 8.2 23135 9144 4702 3222
S1-3 7.3 33338 12627 5631 3237 7.4 23062 9869 5298 3556
Vinton 
WC 
Avg. 8.0 32550 12835 5970 3778 8.0 23024 9608 5172 3619
S1 9.0 30813 11597 5762 4151 7.6 31466 12250 6226 4485
S2 7.2 36226 13411 6502 4543 7.6 26386 9289 4485 3179US190 BC 
Avg. 8.1 33520 12504 6132 4347 7.6 28926 10769 5356 3832
S1 6.9 43672 14746 6792 4427 8.1 23411 8026 4615 3643
S2 6.7 31538 11176 5689 4253 10.8 17997 7750 4615 3687LA964 WC 
Avg. 6.8 4615 366537605 12961 6241 4340 9.5 20704 7888 
  
 
 * Sample was not available 
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Table 4.8 Complex shear modulus test results at 60 °C for all the mixture 
G* of SGC samples at 60 °C (psi) G* of cores at 60 °C (psi) 
Frequency (Hz) Frequency (Hz) Mixture Test section 
Air 
voids 
(%) 10 1 0.1 0.01 
Air 
voids 
(%) 10 1 0.1 0.01 
S1 6.2 7373 3890 2845 2482 2.7 6226 3149 2322 2104 
S2 7.2 6749 3701 2816 2569 5.1 5356 2859 2134 1916 
S3 5.6 6996 3643 2511 2177 5.1 4572 2700 2032 1843 
S4 5.3 7707 3904 2700 2293 5.7 5181 3149 2496 2206 
S5 * * * * * 7.2 7010 4064 3077 2729 
S6 * * * * * 7.2 5080 2816 2177 1959 
Avg. 6.1 7213 3788 2714 2380 5.5 5573 3120 2380 2134 
STD 0.8 421 131 145 174 1.7 885 493 377 319 
Egan BC 
%CV 16 16 15 14 6 3 6 7 30 16 
S1 7.8 8157 4819 3570 3106 7.0 4848 2990 2409 2177 
S2 6.3 6880 3759 2787 2424 4.3 5501 3440 2714 2424 
S3 5.6 9550 5210 3599 3091 8.1 5167 3222 2496 2279 
S4 8.4 8970 4456 3120 2598 8.8 5907 3570 2772 2496 
S5 * * * * * 5.1 6792 3919 3120 2714 
S6 3.8 12540 6763 4673 3846 6.5 4006 2409 1945 1814 
Avg. 6.4 9216 5007 3556 3019 6.6 5370 3266 2583 2322 
STD 1.8 2104 1118 711 552 1.7 943 522 392 305 
Egan 
WC 
%CV 29 23 22 20 18 26 18 16 15 13 
S1 8.0 16778 6081 3716 3280 7.9 5951 3759 3295 3208 
S2 8.3 5530 3353 2874 2801 6.3 6038 3251 2772 2685 
S3 9.0 6038 3614 3106 3062 6.5 6952 3730 3077 3135 
Avg. 8.4 9448 4354 3237 3048 6.9 6313 3585 3048 3004 
ST 261 290 D 0.5 6357 1509 435 247 0.9 552 290 
US190 
Base 
%CV 9 9 6 67 35 13 8 13 9 8 
S1-1 8.4 13367 7475 5022 3919 8.7 10798 6488 4572 3730 
S1-2 9.6 12482 6343 4049 3193 8.8 8128 4615 3295 2830 
S1-3 6.5 12017 5922 3657 2787 8.1 8099 4340 3019 2467 
Vinton 
WC 
Avg. 8.2 12622 6580 4243 3299 8.5 9008 5148 3628 3009 
S1 8.9 8737 4935 3788 3440 7.3 8621 4601 3599 3266 
S2 6.8 11292 5559 4064 3643 6.7 11045 5878 4427 3977 US190 BC 
Avg. 7.9 10015 5247 3926 3541 7.0 9833 5239 4013 3621 
S1 7.8 13919 6415 4296 3643 8.6 7968 3904 2946 2729 
S2 6.8 8955 4325 3091 2830 10.8 7504 4194 3353 3106 LA964 WC 
Avg. 7.3 11437 5370 3694 3237 9.7 7736 4049 3149 2917 
* Sample was not available 
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Figure 4.45 G* of roadway cores at 48 °C 
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Figure 4.46 G* of roadway cores at 60 °C 
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Figure 4.47 G* of SGC samples at 48 °C 
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Figure 4.48 G* of SGC samples at 60 °C 
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      Table 4.9 Ranking of G* at 10 Hz for all the mixtures 
SGC sample Core Ranking 
48 °C 60 °C 48 °C 60 °C 
1 LA964 WC Vinton WC US190 BC US190 BC 
2 US190 BC LA964 WC Vinton WC Vinton WC 
3 Vinton WC US190 BC LA964 WC LA964 WC 
4 Egan WC US190 Base US190 Base US190 Base 
5 Egan BC Egan WC Egan WC Egan BC 
6 US190 Base Egan BC Egan BC Egan WC 
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Figure 4.49 G* of I-10 Egan binder course at 48 °C and 10Hz 
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Figure 4.50 G* of I-10 Egan wearing course at 48 °C and 10Hz 
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Figure 4.51 G* of US190 base course at 48 °C and 10Hz 
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Figure 4.52 G* of I-10 Vinton wearing course at 48 °C and 10Hz 
0
10000
20000
30000
40000
50000
S1 S2
Test section
G
* 
at
 1
0 
H
z 
(p
si
) SGCCore
SGC Range:30813~36226, 
Avg.=33520
Core Range:26386~31466, 
Avg.=28926
 
Figure 4.53 G* of US190 binder course at 48 °C and 10Hz 
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Figure 4.54 G* of LA964 wearing course at 48 °C and 10Hz 
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Figure 4.55 Phase angle of SGC samples at 48 °C 
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Figure 4.56 Phase angle of SGC samples at 60 °C 
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Figure 4.57 Phase angle of roadway cores at 48 °C 
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Fi roadway c 60gure 4.58 Phase angle of ores at  °C 
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Figure 4.59 G*/sin (δ) of I-10 Egan binder course at 5 Hz and 48 °C 
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Figure 4.60 G*/sin (δ) of I-10 Egan wearing course at 5 Hz and 48 °C 
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Figure 4.61 G*/sin (  US190 base se at 5 Hz and 48δ f) o c rou   °C
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Figure 4.62 G*/sin (δ) of I-10 Vinton wearing course at 5 Hz and 48 °C 
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Figure 4.63 G*/sin (δ) of US190 binder course at 5 Hz and 48 °C 
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Figure 4.64 G*/sin (δ) of LA964 wearing course at 5 Hz and 48 °C 
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Figure 4.65 G*/sin (δ) of I-10 Egan binder course at 5 Hz and 60 °C 
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Figure 4.66 G*/sin (δ) of I-10 Egan wearing course at 5 Hz and 60 °C 
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Figure 4.67 G*/sin (δ) of US190 base course at 5 Hz and 60 °C 
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Figure 4.68 G*/sin (δ) of I-10 Vinton wearing course at 5 Hz and 60 °C 
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Figure 4.69 G*/sin (δ) of US190 binder course at 5 Hz and 60 °C 
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Figure 4.70 G*/sin (δ) of LA964 wearing course at 5 Hz and 60 °C 
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Figure 4.71 Rut ratio of all the mixtures from LWT test results 
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            Tabl
Mixture Test section 
 
(%) ) 
Rut ratio 
(×10-6 mm/cycle) 
e 4.11 LWT test results of all the mixtures 
Air voids Rut depth (mm
S1 * * * 
S2 * * * 
S3 7  190 .0 3.8 
S4 7  177 .2 3.6 
S5 * * * 
S6 * * * 
I-10 Egan 
BC 
Avg. 7.1 3.7 184 
S1 7.9 4.9 247 
S2 * * * 
S3 8.3 3.8 188 
S4 * * * 
S5 * * * 
S6 7.1 3.2 160 
Avg. 7.7 4.0 198 
STD 0.5 0.7 36 
I-10 Egan 
WC 
%CV 6 18 18 
S1 5.8 7.0 348 
S2 6.1 8.9 443 
S3 7.2 Failed at 4001 pass 5624 
Avg. 6.4 12.0 2138 
STD 0.7 7.0 3019 
US190 Base 
%CV 12 59 141 
I-10 Vinton 
WC S1 7.0 2.3 115 
S1 8.3 20, (one slab failed) 1528 
S2 7.4 14.8 738 US190 BC 
Avg. 7.9 17.4 1133 
S1 7.6 5.0 250 
S2 7.7 5.1 253 LA964 WC 
Avg. 7.7 5.1 252 
            * Loose mix was not available 
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4.2.2 Variation in Mechanistic Properties from In Situ Tests 
 This sub-section presents the variation in mechanistic properties from in situ tests, 
including FWD, LFWD, and PSPA. The properties include FWD backcalculation modulus, 
FWD deflection, LFWD deformation modulus, and PSPA modulus, respectively. 
4.2.2.1 Variation in FWD AC Layer Modulus between Test Sections 
 
 Table 4.12 presents AC layer moduli from FWD backcalculation for all the mixtures. 
All the 
ackcalculated modulus on top of wearing course represents composite modulus of wearing 
course and binder course since backcalculation procedure can not differentiate the difference 
between the two asphalt layers. Similarly, the backcalculated modulus on top of binder course 
represents composite modulus of binder course and base course, if there is a base course. 
Ranking the mixtures in terms of their backcalculation moduli of AC layer in a descending 
order yielded: I-10 Egan binder course, US190 base course, LA964 wearing course, US190 
binder course, I-10 Egan wearing course, and I-10 Vinton wearing course, as shown in Table 
4. t 
moduli were corrected to 25 °C using Equation 4.1 and 4.2. It is noted that 
b
13. It is noted that the ranking for FWD backcalculation was different from that for ITMr a
25 °C of core samples. The reasons might be the backcalculation procedure and temperature 
correction method used. Figure 4.72 through Figure 4.77 show the variations in AC layer 
moduli from FWD backcalculation between test sections for all the mixtures graphically. The 
variations (%CV) for I-10 Egan binder course, I-10 Egan wearing course, and US190 base 
course were 32%, 31%, and 50% respectively, which were much higher than those in 
Laboratory tests results of corresponding mixtures. US190 binder course, LA964 wearing 
course, and I-10 Vinton wearing course have only one or two test sections. However, 
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variations within test sections are relatively high. It is noticed that backcalculation is based on 
elastic layer theory, which is different from the real response of pavement materials. In 
addition, the backcalculation is sensitive to the thickness of different layers, which is not 
accurately known. All of these contribute to the variations in AC layer modulus besides the 
variations of themselves.  
0
300
600
1500
S1 S2 S3 S4 S5 S6
FW
D
 A
C
 la
ye
r 
m
od
ul
900
1200
us
at
 2
5°
C
(k
si)
Range: 430~1013, Avg. =771, %CV=32
Test section
 
Figure 4.72 AC layer modulus of I-10 Egan binder course from FWD backcalculation  
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Figure 4.73 AC layer modulus of I-10 Egan wearing course from FWD backcalculation 
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      Table 4.12 AC layer modulus of all mixtures from FWD backcalculation   
AC layer  Modulus STDLayer   Air voids 
MPa ksi 
%CV Testsection (%) MPa ksi 
S1 3528 512 749 109 21 3.6 
S2 2922 424 539 78 18 4.2 
S3 6  1295 188 20 5.9 382 926 
S4 6760 981 1353 196 20 5.4 
S5 6342 920 1285 187 20 7.0 
S6 4642 674 1310 190 28 7.1 
Avg. 5096 740 5.5 
STD 1635 237 1.4 
I-10 Ega
BC
n 
 
 32 32 
 
%CV 26 
S1 2261 328 301 44 13 6.7 
S2 2008 291 249 36 12 4.6 
S3 1  167 24 14 8.0 177 171 
S4 1  191 28 13 7.4 468 213 
S5 1701 247 228 33 13 5.5 
S6 3124 453 574 83 18 6.2 
Avg. 1956 284 6.4 
STD 688 100 0.8 
I-10 Ega
WC
n 
 
 35 35 
 
%CV 19 
S1 4  718 104 15 6.4 730 687 
S2 7  1104 2146 311 28 7.1 604
S3 2  681 99 26 5.6 629 382 
Avg. 4988 6.4 724 
STD 2498 363 0.9 
US190 
Base 
%CV 50 50 
 
14 
I-10 
Vinton 
WC 
 15  191 28 13 S1 7.5 27 222 
S1 26  534 78 20 7.1 22 381 
S2 6.8 24 4 416 60 17 2 352 US190 BC 
. 2523 366  Avg 7.0 
S1 4457 647 996 145 22 8.1 
S2 9.8 4135 600 749 109 18 LA964 WC 
Avg. 9.0 4296 624  
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Table 4.13 Ranking of AC layer modulus from FWD backcalculation 
Ranking Pavement layer 
1 Egan BC 
2 US190 Base 
3 LA964 WC 
4 US190 BC 
5 Egan WC 
6 Vinton WC 
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Figure 4.74 AC layer modulus of US190 base course from FWD backcalculation  
 
0
200
400
600
S1 S2
Test section
FW
D
 A
C
 la
ye
r 
m
od
ul
us
at
 2
5°
C
(k
si)
Range: 352~380, Avg. =366
 
Figure 4.75 AC layer modulus of US190 binder course from FWD backcalculation 
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Figure 4.76 AC layer modulus of LA964 wearing course from FWD backcalculation 
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 Table 4.14 presents the FWD deflections for all the projects. Figure 4.78 through 
Figure 4.83 present the FWD deflection variations for all the projects. To minimize variations 
in the applied load, the deflections have been normalized to a standard contact load of 9000 
lbf. Deflection d1 (center load plate), d7 (60 inch from load), and deflection difference d1-d6 
(d6 at 36 inch from load) can be interpreted as indicators of overall pavement condition, 
capping and subgrade condition, and asphalt layer condition, respectively (Collop et al., 2001; 
Brown et al., 1986 s the eakest test 
section in pavement structure in the project as indicated by high d1 deflection. Sensor d7 in 
). It is noted that test section 3 of I-10 Egan project wa w
 111
test section 3 also showed the highest deflection values among the six test sections in the 
project, which indicated that the weakness of pavement structure could be attributed to a weak 
subgrade. It was found in the field investigation that the rubblized concrete layer in test 
section 3 was not rubblized well and evenly. This proved that d7 was sensitive to subgrade 
layer condition. LA964 wearing course had the lowest deflections (d1, d1-d6, d7).  Low d7 
deflection indicated strong subgrade. It is known that the base layer in LA964 project is 220 
mm soil cement, which is usually strong after construction and has high stiffness. From the 
deflection results, it seems that FWD deflections can be used as an indicator of pavement 
structure.  
4.2.2.2 Variation in LFWD Deformation Modulus between Test Sections 
 Table 4.15 and Table 4.16 present LFWD deformation modulus of all mixtures. All 
moduli were corrected to 25 °C using Equation 4.1 and 4.2. It is noted that in LFWD test, 200 
mm diameter loading plate was used for I-10 Egan binder course, I-10 Egan wearing course, 
and I-10 Vinton wearing course. Then, 100 mm diameter loading plate was used for US190 
base course, US190 binder course, and LA964 wearing course as a comparison with 200 mm 
diameter loading plate. To compare different mixtures with similar loading condition, 
Kenlayer program was used to adjust the 100 mm loading plate to 200 mm loading plate. All 
yers below AC layer were considered as one layer and the LFWD deformation modulus was 
measured on top of it. This bottom layer modulus and an assumed AC layer modulus, as well 
as the known AC layer thickness and loading condition with 100 mm loading plate, as shown 
in Figure 4.84 (a), were input into Kenlayer program. A deformation on top of AC layer was 
obtained. The assumed AC layer modulus was changed until the calculated deformation on  
la
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Table 4.14 FWD deflections of all projects 
FWD deflections (mil) Layer Test section d1 %CV d1-d6 %CV d7 %CV 
S1 9.6 6 5 8 2.7 4 
S2 9.8 2 6 3 2.2 5 
S3 17.3 12 10.6 14 3.5 11 
S4 11.4 13 5.7 16 3.1 10 
S5 8.6 12 5.1 18 2 5 
S6 11.2 13 7.1 17 2.3 9 
Avg. 11.3 6.6 2.6 
STD 3.1 2.1 0.6 
I-10 Egan 
BCS2 
%CV 28 32 22 
   
S1 11.8 8 7.7 12 2.3 4 
S2 11.2 7 7.7 9 2.0 5 
S3 18.4 17 12.5 20 3.2 6 
S4 16.3 10 11.4 14 2.5 4 
S5 13 15 12 9.2 2.2 5 
S6 1.4 11 .3 14 21 7  .3 9 
Avg. 13.7 .3 2.4 9
STD 3.0 2.2 0.4 
I-10 Egan 
WC
%CV 22 
  
1
 
23 7 
 
S1 27.3 19 22.5 23 3.0 7 
S2 37.1 16 31.8 18 3.1 6 
S3 33.6 10 28.1 10 2.9  10
Avg. 2.7 7.5 3.0 3 2
STD 5.0 4.7 0.1 
US190 Base 
%CV 15 
 
7 
  
1 3 
I-10 Vinton 
WC S1 15.5 8 13.1 9 4  .5 7
S1 14.4 8 10.3 10 2.7 4 
S2 16.9 9 11.8 12 2   .9 10US1
Avg. 15.7  11.1  2
90 BC 
.8  
S1 6.3 13 3.6 17 1.8 6 
S2 5.6 9 2.7 11 1.9 5 LA964 WC 
Avg. 6.0  3.2    
 
 113
05
10
25
0 1 2 3 4
Test sectio
FW
D
 d
ef
le
ct
io
n 
(m
il)
15
20
5 6 7
n
d1
d1-d6
d7
   1            S2             S3           S4                  S6
 
re  FWD deflections of I-10 Egan binder course 
          S     5    S
Figu  4.78
0
5
10
FW
D
 d
ef
le
ct
io
n 
(m
il)
20
25
d1
15
0 1 3 5 6 7
Test sec
2 4
tion
d1-d6
d7
             S1  S3               S5            S6
 
Figur .79 FW ns of I- an weari ourse 
 
              S2                 S4 
e 4 D deflectio 10 Eg ng c
0
10
20
30
40
50
0 1 2 3 4
Test section
FW
D
 d
ef
le
ct
io
n 
(m
il)
d1
d1-d6
d7
                       S1                         S2                         S3
 
Figure 4.80 FWD deflections of US190 base course 
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Figure 4.81 FWD deflections of I-10 Vinton wearing course 
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Figure 4.82 FWD deflections of US190 binder course 
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Figure 4.83 FWD deflections of LA964 wearing course 
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top of AC layer was the same as the measured deformation (δ1) with LFWD. Then, the set of 
moduli of different layers was input into Kenlayer with loading condition using 200 mm 
loading plate, as shown in Figure 4.84 (b). A calculated deformation (δ2) on top of AC layer 
was obtained. With this deformation and Equation 3.15, the LFWD deformation modulus with 
200 mm loading plate was predicted based on the elastic layer system using Kenlayer 
program. The calculated adjustment factors (ELFWD200mm/ELFWD100mm) for US190 Base, US190 
BC, and LA964 WC projects were 0.60, 0.63, and 0.60 respectively. Finally, the predicted 
moduli were corrected to 25 °C using Equation 4.1 and Equation 4.2. Table 4.17 presents the 
average LFWD deformation modulus for each mixture layer and the ranking in a descending 
order after this adjustment. This order was different than both of those for FWD 
backcalculation AC layer modulus and ITMr of roadway cores at 25 °C. 
 
 
(a) (b) 
Figure 4.84 LFWD modulus adjustment procedure 
Figure 4.85 through Figure 4.90 show LFWD deformation moduli of all the mixtures 
graphically. It should be noted that the test results of US190 base course, US190 binder 
course, and LA964 wearing course were adjusted to 200 mm loading plate. The variations 
between test sections were still significant, even though not as high as those in AC layer 
modulus from FWD backcalculation. The variations (%CV) for I-10 Egan binder course, I-10 
δ2δ1
Egan wearing course, and US190 base course were 23, 31, and 20 respectively. It seemed that 
LFWD influence depth was deeper than the AC layers tested since the deformation moduli 
were significant lower than AC layer moduli from FWD backcalculation and ITMr from 
laboratory test on roadway cores. In addition, poor base condition was observed in test section 
three of I-10 Egan binder and wearing course, in which lowest LFWD deformation moduli 
were obtained both on top of binder and wearing course. This also indicated that LFWD 
r thickness in the projects investigated in this 
resear
      Table 4.15 LFWD ation modulus (200 mm loading plate) 
D s  D (M
influence depth might be more than AC laye
ch. 
 deform
LFW  modulu ST Pa) Layer Test ion 
voids
) a i  sect
Air  
(% MP ks MPa ksi 
%CV 
S1 3.6 5 0 162  17 96 14 24
S  .2 4 0 2 4 89 13 105 15 12 
S3 .9 592  5 86 64 9 11 
S4 5.4 1 4 99 14 154 22 16 
S5 7.0 44 1 12 18 192 28 15 
S6 .1 41 6 7 11 16 173 25 15 
Avg. .5 1 1 5 97 14
STD .4 5  1 22 33
Egan BC 
V 26 23 23 
 
%C
S1 6.7 1146 166 143 21 12 
S2 4.6 1107 161 97 14 9 
S3 8.0 528 77 96 14 18 
S4 7.4 762 111 77 11 10 
S5 5.5 951 138 124 18 13 
S6 6.2 1371 199 158 23 12 
Avg. 6.4 977 142 
STD 0.8 300 44 
Egan WC 
%CV 19 31 31 
 
Vinton WC S1 7.5 820 119 69 10 8 
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   Table 4.16 LFWD deformation modulus (100 mm loading plate) 
LFWD modulus STD 
LFWD 
modulus 
(adjusted) 
STD Layer Test section 
Air 
voids 
(%) 
MPa ksi MPa ksi 
%CV
MPa ksi MPa ksi 
%CV
S1 6.4 865 126 161 23 19 519 76 97 14 19 
S2 7.1 587 85 93 13 16 352 51 56 8 16 
S3 5.6 678 98 40 6 6 407 59 24 4 6 
Avg. 6.4 710 103 426 62 
STD 0.9 142 21 85 13 
US190 
Base 
%CV 14
  
 20 20 20 20 
S1 * * * *  * * * * * * * 
S2 6.8 948 138 78 11 8 597 87 49 7 8 US190 BC 
Avg. 6.8 948 138  597 87  
S1 8.1 2444 355 358 52 15 1466 213 215 31 15 
S2 9.8 2233 324 204 30 9 1340 194 122 18 9 LA964 WC 
Avg. 9.0 2339 339  1403 203  
      * Data were not available 
                              Table 4.17 Ranking of LFWD of all the mixtures 
LFWD modulus Ranking Pavement Layer MPa ksi 
1 LA964 WC 1403 203 
2 Egan WC 977 142 
3 Egan BC 971 141 
4 Vinton WC 820 119 
5 US190 BC 597 87 
6 US190 Base 426 62 
0
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Figure 4.85 LFWD deformation modulus of I-10 Egan binder course 
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Figure 4.86 LFWD deformation modulus of I-10 Egan wearing course 
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Figure 4.88 LFWD deformation modulus of I-10 Vinton wearing course 
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Figure 4.89 LFWD deformation modulus of US190 binder course 
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Figure 4.90 LFWD deformation modulus of LA964 wearing course 
4.2.2.3 Variation in PSPA Modulus between Test Sections 
 
 Table 4.18 presents PSPA test results of US190 base course, US190 binder course, 
and LA964 wearing course, which were tested with PSPA. The moduli were corrected to 25 
°C using Equation 4.1 and Equation 4.2. Ranking the mixtures in terms of PSPA modulus at 
25 °C in a descending order yielded: US190 binder course, US 190 base course, and LA964 
wearing course. It is not unexpected that this order was different from those for ITMr at 25 
°C, FWD backcalculation AC layer modulus, and LFWD deformation modulus. PSPA is a 
high frequency and low strain test. It is equivalent to a test at very low temperatures, at which 
 120
the ranking for the mixtures might be different from those for higher temperatures. Again, 
temperature correction procedure might contribute a certain amount of error. Figure 4.91 
through Figure 4.93 show the variations in PSPA moduli graphically. It seemed that the 
variations between test sections for all mixtures were not significant, even though only two 
sections were available for each mixture.  However, the variations within test sections of each 
mixture were relatively high (from 12 to 21), as indicated in Table 4.18. 
      Table 4.18 PSPA modulus of all mixtures 
PSPA Modulus STD 
Mixture  Test section Air voids (%) MPa ksi MPa ksi 
%CV 
S1 * * * * * * 
S2 7.1 11279 1637 1353 196 12 
S3 5.6 10342 1501 1965 285 19 
US190 Base 
Avg. 6.4 10811 1569  
S1 7.1 12133 1761 1941 282 16 
S2 6.8 12368 1795 2597 377 21 US190 BC 
Avg. 7.0 12251 1778  
S1 8.1 10769 1563 1938 281 18 
S2 9.8 10562 1533 2007 291 19 LA964 WC 
Avg. 9.0 10666 1548  
        * Data not available 
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Figure 4.91 PSPA modulus of US190 base course 
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Figure 4.92 PSPA modulus of US190 binder course 
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Figure 4.93 PSPA modulus of LA964 wearing course 
4.3 Comparison of Different Methods for Air Void Measurements 
 PQI measurements were performed on all roadway core locations before coring. 
Conventional and Vacuum sealing methods were conducted on all roadway cores of all 
mixtures after coring. A comparison between different air void measurement methods is 
presented in this section. Because the conventional method is being widely used in the 
industry, it was used as a standard in this study and the other two methods were compared 
with it. 
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4.3.1 Vacuum Sealing versus Conventional Method 
 A good correlation was found between Conventional and Vacuum sealing method as 
shown in Figure 4.94, which includes all the mixtures in this study. Their relationship had the 
following linear form: 
                  Air void % (Vacuum sealing) = 1.12 [Air void % (Conventional)]    (R2 = 0.84)               (4.3) 
 were 12% higher than those of Conventional method 
(R2). Similar results 
were obtained by other research on PQI [Hausman and Buttlar (2002), Mohammad (2004),  
Generally, the Vacuum sealing air voids
because Conventional method did not count the surface air voids. It is noted that the wearing 
course mixture, which had smaller NMS, had stronger correlation and smaller difference 
between the two methods as shown in Figure 4.95. The relationships for mixtures with 25 
mm, 19 mm, and 12.5 mm) NMS were shown in the following linear equations respectively: 
                  Air void % (Vacuum sealing) = 1.19 [Air void % (Conventional)]    (R2 = 0.82)               (4.4) 
                  Air void % (Vacuum sealing) = 1.06 [Air void % (Conventional)]    (R2 = 0.98)               (4.5) 
                  Air void % (Vacuum sealing) = 1.06 [Air void % (Conventional)]    (R2 = 0.97)               (4.6) 
It is noted that the correlations for 19 mm and 12.5 mm NMS mixtures were the same. 
4.3.2 PQI versus Conventional and Vacuum Sealing Method 
 Poor correlations were found between PQI and the other two laboratory test methods 
as shown in Figure 4.96, which includes all the mixtures in this study. Their relationships had 
the following linear forms: 
                  Air void % (Conventional) = 0.96 [Air void % (PQI)]             (R2 = 0.19)                   (4.7) 
                  Air void % (Vacuum sealing) = 1.08 [Air void % (PQI)]           (R2 = 0.20)                  (4.8) 
The correlations were poor, as indicated by coefficient of determination 
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Figure 4.94 Comparison between Conventional and Vacuum sealing method 
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Figure 4.95 Comparison between Conventional and Vacuum sealing method for different 
mixtures 
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Hurley et al. (2004)]. It is noted that PQI was influenced by moisture content in AC layer, 
since the scattered data points in Figure 4.96 were from test sections that had higher H O 
readings from PQI measurements than those of other sections. Other factors, such as 
temperature, aggregate size, aggregate type, might also affect PQI measurements. Figure 4.97 
and Figure 4.98 present the comparison between PQI and Conventional as well as Vacuum 
sealing method respectively, with mixtures separated by NMS 25 mm, 19 mm, and 12.5 mm. 
It is noted that PQI had better correlations with laboratory air void test methods when 
mixtures had smaller nominal maximum aggregate size. 
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Figure 4.96 Comparison of air voids between PQI and laboratory test methods 
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Figure 4.97 Comparison of air voids between PQI and Conventional method 
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Figure 4.98 Comparison of air voids between PQI and Vacuum sealing method 
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4.4 Comparison of SGC Samples with Cores Using Laboratory Mechanical Tests 
 
 For each mixture, Both SGC samples and roadway cores were characterized in the 
laboratory using ITS, ITMr, and complex shear modulus tests. Based on the test results, a 
comparison between the two compaction methods was made to investigate how well the SGC 
simulated road compaction. 
4.4.1 Indirect Tensile Strength (ITS) 
 Table 4.3 shows the ITS test results of SGC samples and roadway cores for all the 
mixtures in this study. For all the mixtures, except US190 base course and binder course, the 
average ITS of SGC samples were higher than that of roadway cores. The relationship 
between ere not 
e mixtures, only I-10 Egan binder course and I-10 Egan 
 ITS and air voids was investigated as shown in Figure 4.99. Since there w
enough tested samples for som
wearing course were used in the analysis. It seemed that the roadway cores had a stronger 
correlation with air voids than the SGC samples did. But the trends were the same, that is, ITS 
decreased with the increase of air voids. Figure 4.100 shows the relationship between SGC 
samples and roadway cores of all the mixtures, in which the ITS of roadway cores of I-10 
Egan binder course and I-10 Egan wearing course were normalized to the air voids of the 
SGC samples at the same test sections. It seemed that the relationships between roadway 
cores and SGC samples were different for different mixtures in terms of ITS, even though 
most data points were close to the equality line. The correlation was poor, but the trend was 
apparent – ITS of roadway cores increased with the increase of that of SGC samples. It is also 
noted that most of SGC samples had higher ITS than roadway cores had. 
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Figure 4.99 Relationship between ITS and air voids 
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Figure 4.100 Comparison of ITS between SGC samples and roadway cores 
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4.4.2 Indirect Tensile Resilient Modulus (ITMr) 
 Figure 4.101 through Figure 4.103 show the relationship between ITMr at 5 °C, 25 °C, 
40 °C and air voids. Again, ITMr decreased with the increase of air voids for both SGC 
samples and roadway cores. After the normalization of ITMr of the roadway cores to the SGC 
samples, a comparison between the two compaction methods was made. A strong relationship 
was found between roadway cores and SGC samples when all the test results of all the 
mixtures were pooled together as shown in Figure 4.104. From the regression equation, it 
seemed that roadway cores and SGC samples were the same in terms of ITMr within the 
whole test temperature range. It is noted that ITMr of SGC samples was mostly higher than 
that of roadway cores at 40 °C and was similar to that of roadway cores at 5 °C and 25 °C. It 
is also noted that ITMr of SGC samples was significantly higher than that of roadway cores 
for LA964 wearing course, which is a Type 8 Marshall design mixture. 
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Figure 4.101 Relationship between ITMr at 5 °C and air voids 
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Figure 4.102 Relationship between ITMr at 25 °C and air voids 
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Figure 4.103 Relationship between ITMr at 25 °C and air voids 
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Figure 4.104 Relationship between ITMr of SGC samples and roadway cores 
4.4.3 Complex Shear Modulus 
 From test results, it is noted that G* of SGC samples were generally higher than that 
of roadway cores. A paired t test was conducted for I-10 Egan binder course, I-10 Egan 
wearing course, I-10 Vinton wearing course, and US190 base course, as indicated in Table 
4.19. All of them but US190 base course had significant difference (at 
ples and roadway cores. It is noted that the variation of US190 base 
high variation (28% and 67% CV at 48 °C and 60 °C 
fficult to unveil the difference between the SGC samples and 
ation was found between the G* of SGC samples at 10Hz 
ated in Figure 4.105 
are based on the properties of SGC samples and shear property 
confidence level of 
95%) between SGC sam
course SGC samples had very 
respectively), which made it di
roadway cores. A fairly good correl
and G* of roadway cores at 10 Hz, as shown in Figure 4.105. It is indic
that G* of SGC samples was about 47 percent higher than that of roadway cores. Since 
mixture and pavement design 
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of HMA is related to rutting resistance, the difference between SGC samples and roadway 
perform a technically sound design. cores needs to be considered in order to 
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Figure 4.105 Relationship between ITMr of SGC and core samples 
                                          Table 4.19 Paired t test results of G* at 48 °C and 60 °C 
P-value 
G* at 10 Hz Mixture type 
48 °C 60 °C 
Egan BC 0.012 0.013 
Egan WC 0.002 0.026 
US190 Base 0.417 0.501 
Vinton WC 0.002 0.021 
 
4.5 Comparison between Different Tests 
 Both the laboratory and the field test results from same test sections were analyzed to 
evaluate different NDT devices and to establish the relationship between the laboratory and 
eld test results. Since asphalt concrete mixture is not homogeneous and linear elastic, it is 
highly dependent on temperature, mode of loading, stress distribution, and loading frequency. 
fi
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Therefore, direct comparison between different tests without considering these factors cannot 
provide any promising results.  
 FWD and LFWD have similar loading mode and frequency, which makes them 
comparable. FWD is widely used to evaluate pavement condition and provide input for 
pavement management and overlay design. However, FWD is expensive and needs 
complicated backcalculation to obtain different pavement layer condition. In addition, the 
backcalculation results are not always reliable due to the variation in pavement layer 
thickness. Since LFWD is a simple and convenient device, the possibility of LFWD as an 
alt
 Assuming the HMA material to be linear viscoelastic, the shear and axial moduli can 
be related at a given frequency using Hooke’s law: 
ernative to FWD to evaluate pavement condition was investigated. 
)1(2
** ν+=
EG                                                            (4.9) 
where ν is poison’s ratio, which is frequency dependent (Saadeh et al., 2003). The E* and G* 
of same mixtures were compared to see if this relationship holds for asphalt concrete 
mixtures. If this relationship is true for asphalt concrete mixtures, E* and G* test results can 
be interchangeable. 
Finally, FWD and PSPA moduli were compared with ITMr using the master curve to 
adjust the difference in test frequencies. 
4.5.1 Comparison between FWD and LFWD 
 LFWD test was conducted on I-10 Egan binder course, I-10 Egan wearing course, I-10 
Vinton wearing course with a 200 mm diameter loading plate.  Good correlations were found 
between LFWD modulus and FWD deflections of d1 and d1-d6 (as defined in 4.2.2.1) for the 
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three mixtures, as shown in Figure 4.106. As expected, d7 (as defined in 4.2.2.1) did not 
correlate with LFWD deformation modulus well, since d7 is an indicator of subgrade. For 
US190 base course, US190 binder course, and LA964 wearing course, LFWD test was 
conducted with a 100 mm loading plate. It is noted that there was not a correlation between 
FWD deflections and LFWD deformation modulus for LA964 wearing course, and fair 
correlations for US190 base course and US190 binder course were found, as shown in Figure 
4.107. Again, d7 did not correlate with LFWD deformation modulus. It seemed that 200 mm 
loading plate was better than 100 loading plate in terms of correlating LFWD with FWD. 
Since both d1 and d1-d6 are the indicators of asphalt pavement structure condition, LFWD 
has a potential to be used as an alternative to FWD in pavement structure evaluation. 
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Figure 4.106 Relationship between FWD deflections and LFWD (200 mm plate) deformation 
 
modulus 
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Figure 4.107 Relationship between FWD deflections and LFWD (100 mm plate) deformation 
modulus 
 
4.5.2 Comparison between G* and E* 
 With the modulus obtained at various temperatures and frequencies, a mater curve 
with a sigmoidal function as shown in Equation 4.10 can be constructed (Bonaquist et al., 
2005): 
[ ]{ })log(10)log( log1*)log( RTFOTRTVTSAceE ηωγβ
αδ −++ +++=                      (4.10) 
where: 
              E* = dynamic modulus 
              ω = loading frequency 
              TR = temperature, Rankine 
              ηRTFOT = viscosity at the reference temperature for RTFO aging  
              A, VTS = viscosity-temperature susceptibility parameters for RTFO aging 
              c = fitting parameter 
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              δ = minimum value of E* 
              δ + α = maximum value of E* 
              β, γ = parameters describing the shape of the sigmoidal function 
The fitting parameters (α, β, δ, γ, and c) are obtained through numerical optimization of 
Equation 4.10 using mixture test data collected at different temperatures and frequencies. In 
this study, FSCH test was conducted on I-10 Egan binder course, I-10 Egan wearing course, 
and I-10 Vinton wearing course at temperatures of –10, 4, 25, 38, and 54 °C. The E* and G* 
test data were used to construct E* and G* master curves to fit the sigmoidal function using 
Solver in the Excel. The G* and E* master curves for the three mixtures are shown in Figure 
4.108 through Figure 4.110. 
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Figure 4.108 Comparison between G* and E* master curve of I-10 Egan binder course 
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Figure 4.110 Comparison between G* and E* master curve of I-10 Vinton wearing course 
It is noted that the ratios between G* and E* were different for different mixtures and 
were different through different reduced frequencies for a certain mixture. The Poisson’s ratio 
of the three mixtures was calculated using Equation 4.9. It is observed that the Poisson’s ratio 
varied for frequencies and temperatures. Saadeh et al. (2003) had the similar results for the 
Figure 4.109 Comparison between G* and E* master curve of I-10 Egan wearing course 
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materials they tested. The Poisson’s ratio varied from 1.5 to 8.5 at temperatures of 46 °C and 
58 °C for the mixtures they tested. They concluded that the difference in mode of loading, 
direction and reversal of principal stresses, and stress distribution are important factors 
causing discrepancies between the axial and shear tests. Figure 4.111 shows the Poisson’s 
ratios of I-10 Vinton wearing course and the Poisson’s ratio of Styrelf mix from Saadeh et al. 
(2003). The Poisson’ ratios had the same trend for the two mixtures with the change of 
temperature and frequency. It indicated that the results from axial test and shear test were not 
interchangeable by Hooke’s law. Therefore, in ent of test 
frequencies of different tests were performed using E* master curve, since the axial test is 
more similar to the test modes of field tests than the shear test is.  
the next section, the adjustm
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Figure 4.111 Calculated Poisson’s ratio for I-10 Vinton 
4.5.3 Comparison between Field Tests and Laboratory Tests 
 In the field tests, the PSPA and FWD can obtain the modulus of AC layers in 
pavements and their test results at core locations can be compared with ITMr of the roadway 
cores. However, field tests have different frequencies than ITMr test. They cannot be 
compared directly when the difference in the loading frequencies and test temperatures of the 
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two tests is significant, since asphalt concrete mixtures are viscoelastic and are sensitive to 
temperature and loading frequency. In this study, the field test temperatures were corrected to 
25 °C using Equation 4.1 and Equation 4.2. Then the field test results were shifted to the 
loading frequency of ITMr using the E* master curve at the reference temperature of 25 °C. It 
is noted that the moduli obtained from the field tests (FWD and PSPA) were lower than those 
from the E* master curve of SGC samples at the same reduced frequency. It was considered 
due to the higher stiffness of SGC samples than that of roadway cores, as indicated by the 
comparison between SGC samples and roadway cores in G* in section 4.4.3. Similarly, 
Nazarian et al. (2002) found the moduli from the specimens prepared in the lab were higher 
than those obtained from the roadway cores. They attributed this to the differences in 
compaction methods and the thickness of the layers. To account for the difference between 
SGC samples and roadway cores, the E* master curve was shifted downward according to the 
difference between the moduli from the field tests (FWD and/or PSPA) and those from the E* 
master curve at the same frequency, as indicated in Figure 4.112 (LA964 WC). Then the field 
test results (FWD and PSPA) were adjusted to the ITMr frequency along the shifted E* 
master curve. In this approach, PSPA modulus can be converted to modulus at design 
frequency and temperature if the master curve of the mixture is available. Then, PSPA can be 
used as a quality control tool by comparing the converted modulus with design modulus used 
in the pavement design. If the master curve is not available, PSPA modulus can be divided by 
an empirical frequency adjustment factor (Aouad et al., 1993), as shown in Figure 4.113, to 
convert to design modulus.   
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Figure 4.112 Shift of the E* master curve (25°C) using the field test results (LA964WC) 
 
Figure 4.113 Frequency adjustment factor of PSPA modulus (Aouad et al., 1993) 
 
4.5.3.1 Frequency Dependency of Asphalt Mixtures 
 In this study, ITMr was conducted on roadway cores at 25 °C for US190 base, US190 
inder cou ed on the 
corresp
b rse, and LA964wearing course. FWD and PSPA were conduct
onding core locations and the moduli were corrected to 25 °C using Equation 4.1 and 
Equation 4.2. Test frequencies for ITMr and FWD were 10 Hz and 33Hz respectively. PSPA 
test frequency was based on AC layer thickness and wave propagation velocity. The velocity 
of the surface wave can be calculated using Equation 2.9, knowing the PSPA modulus for the 
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AC layer. Then, the representative frequency for the mixture is the velocity of the surface 
wave divided by half of the AC layer thickness. For the above three mixtures, the typical 
frequencies were 28500 Hz, 35200 Hz, and 49500 Hz, respectively. In addition, the E* test 
results of the three mixtures at 25 °C were secured from another ongoing research project at 
LTRC. The four test results for the three mixtures were plotted in Figure 4.114 through Figure 
4.116.  It is noted that different mixtures had different slopes while SGC samples had steeper 
slopes than those of roadway cores combined with in situ tests of the same mixture. It is noted 
that SGC samples were more sensitive to loading frequency since the steeper slope indicated 
higher sensitivity to time or loading rate. In addition, the E* of SGC samp s were higher than 
moduli hift of 
e two regression lines. This might be due to the different compaction methods, different 
pe of loading mode, and different stress level and distribution, since compaction method 
as not the only variable in this comparison. 
le
of roadway cores at the same loading frequencies, as indicated by the vertical s
th
ty
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Figure 4.114 Frequency dependency of US190 base course 
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Figure 4.115 Frequency dependency of US190 binder course 
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4.5.3.2 Comparison betw
 PSPA was conducted on US190 base c
wearing course. The PSPA test results at the core 
compare with ITMr of the corresponding roadway cores after temperature correction to 25 °C 
using Equation 4.1 and Equation 4.2. The master curve at reference temperature 25 °C was 
shifted downward according to the difference between the PSPA moduli at 25 °C and the E* 
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Figure 4.116 Frequency dependency of LA964 wearing course 
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Figure 4.117 Shift factor of LA964 wearing course mixture (25°C)  
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Figure 4.118 Comparison between PSPA modulus and ITMr 
 143
4.5.3.3 Com
 Fig
at 25 °C of  FWD backcalculation of all the mixtures at 
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ure 4.119 shows the comparison between FWD backcalculation modulus and ITMr 
 roadway cores. AC layer moduli from
ons were corrected to 25 °C using Equation 4.1 and Equation 4.2, and the master 
he mixtures were shifted downward according to the difference in these moduli and 
ic modulus at the same reduced frequency as FWD test, as shown in Figure 4.112. 
oduli from FWD backcalculation were adjusted to ITMr test frequency along the 
ster curve. The correlation was not strong, as indicated by coefficient of 
ion (R2). The reasons might be different loading modes, the accuracy of 
e prediction and correction method, and the variation of the tests themselves. 
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Figure 4.120 presents a comparison of the currently developed relationship between 
FWD and resilient modulus and the model developed by Baladi and Crince (1999). It is noted 
that the statistic model developed by Baladi and Crince does not work well on data from this 
study.  It seems that a good statistics model needs to be developed upon a large data set, 
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which incl
investigate
udes a wide range of materials. In addition, a validation procedure is essential to 
 the validity of the model. 
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS 
c properties of HMA 
ory compacted samples of HMA mixtures; developed relationships between 
aboratory and field test methods. Field 
surements using PQI, and 
istic tests 
 26% with the Conventional method, 
• The coefficients of variation in mechanistic properties between test sections from 
7% for G* at 48 °C and at 10 Hz of roadway cores for the mixtures with three or 
5.1 Conclusions 
This study investigated the variability in physical and mechanisti
due to mixture production; characterized and compared mechanistic properties of roadway 
cores and laborat
modulus/stiffness from in situ NDTs and those obtained from laboratory tests on roadway 
cores; and compared air voids measurements between l
and laboratory tests were conducted on four rehabilitation projects, in which six mixtures 
were investigated. Field test program included air void mea
mechanistic tests using FWD, LFWD, and PSPA. Laboratory test program included air void 
measurements using Conventional and Vacuum sealing method, and mechan
including ITS, ITMr, FSCH, and LWT test. Based on the results presented, the following 
conclusions were drawn: 
• The coefficients of variation of air voids between test sections for the mixtures 
with three or more test sections were 14% to
6% to 36% with Vacuum sealing method, and 19% to 33% with PQI 
measurements. 
laboratory tests were 11% to 14% for ITS, 4% to 8% for ITMr at 25 °C, 9% to 
1
more test sections. 
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• The coefficients of variation in mechanistic properties between test sections from 
field tests were 32% to 50% for FWD backcalculated AC layer modulus and 20% 
sections. The coefficients of variation within test sections were 12% to 21% for 
PSPA AC layer modulus. 
• The asphalt binder contents were –0.4 to 1.0 percent away from those of job mix 
No. 4 were –5.3 to 3.4 percent away from those in job mix formula. The percent 
formula. 
pacted samples (SGC) were 
respectively. It is noted that mechanistic properties of HMA mixtures from SGC 
pavement design according to the relationships between the SGC samples and 
(R2) were 0.80 for both deflection indicators. Thus, LFWD test may be used as an 
to 31% for LFWD deformation modulus for the mixtures with three or more test 
formula for the mixtures investigated. In the meantime, the percent passing sieve 
passing sieve No. 200 were –0.2 to 1.7 percent away from those in job mix 
• In general, mechanistic properties of laboratory com
higher than those of roadway cores. This increase was more pronounced in the G* 
than those of ITS and ITMr test results. 
• Good correlations were observed between roadway cores and SGC samples in 
terms of ITMr and G*. The coefficients of determination (R2) were 0.85 and 0.76 
samples could be adjusted to better represent the pavement AC layer properties in 
roadway cores. 
• The deformation modulus from LFWD tests presented good correlations with 
deflections of d1 and d1-d6 of the FWD tests. The coefficients of determination 
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alternative to FWD test in pavement structure evaluation. It is noticed that LFWD 
test with a 200 mm loading plate had better relationship with FWD deflections 
• A methodology was developed to estimate the modulus of roadway cores (ITMr) 
(R2=0.85) was observed between the field PSPA modulus and the laboratory 
uld be predicted using the mixture master curve and PSPA test results on 
lus of 
in this study varied from 0.1 to 5.3. This indicates that the G* from FSCH test and 
limitation presented might be attributed to the difference in mode of loading, 
n the 
• Strong relationships were observed between Conventional and Vacuum sealing 
than those of Conventional method when all the mixtures were pooled together. 
e two methods decreased with 
than that with a 100 mm loading plate. 
from PSPA test results based on master curve shifting. A good correlation 
measured ITMr of roadway cores. Thus the modulus of laboratory test (ITMr) on 
cores co
pavement AC layers. It is noted that the PSPA could be used as a pavement 
construction quality control tool to investigate if the actual in situ modu
HMA layer is similar to the one selected in the pavement design procedure. 
• The Poisson’s ratio calculated using Hooke’s law with the G* and E* test results 
E* from dynamic modulus test are not interchangeable for HMA mixtures. The 
direction and reversal of principal stresses, and stress distribution betwee
shear and axial test.  
method (R2=0.82~0.98). Air voids of Vacuum sealing method were 12% higher 
The difference between air voids measured from th
the decrease in the nominal maximum aggregate size (NMS). The correlation 
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between Conventional and Vacuum sealing methods of determining air voids was 
for those with NMS of 25 mm (R =0.82).  
measurement methods (Conventional and Vacuum sealing). The R2 were 0.19 and 
on wide range of 
samples and roadway cores and develop a general relationship between the two 
 
stronger for mixtures with NMS of 19 mm (R2=0.98) and 12.5 mm (R2=0.97) than 
2
• Poor correlations were observed between PQI and laboratory air void 
0.20 respectively. 
5.2 Future Research Recommendations 
• The procedure for the estimation of laboratory measured ITMr of roadway cores 
from field PSPA tests need to be validated with additional testing 
HMA mixtures with various types of asphalt cement and aggregate gradations. 
•  Future research needs to be conducted on more mixture types to compare SGC 
compaction methods. 
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APPENDIX A: PSPA FSCH TEST RESULTS OF ALL MIXTURES 
G* of SGC samples at 48 °C 
G* (psi) at different frequency (Hz) Mixture Test section 10 5 2 1 0.5 0.2 0.1 0.05 0.02 0.01 
S1 21196 15185 10224 7767 6115 4714 4022 3527 3061 2898 
S2 24720 17008 10997 8250 6363 4785 4083 3579 3153 2913 
S3 24588 17913 12163 9371 7250 5532 4688 4084 3616 3329 
S4 29079 20271 13362 9962 7574 5640 4683 3982 3408 3090 
S5 * * * * * * * * * * Egan BC 
S6 * * * * * * * * * * 
Avg. 24896 17594 11687 8838 6825 5167 4369 3793 3310 3057 
STD 3231 2115 1372 1007 697 486 366 281 251 201 
%CV 13 12 12 11 10 9 8 7 8 7 
S1 23050 17372 12427 9967 8215 6525 5713 5085 4418 4072 
S2 24162 18867 14272 11865 9969 8244 7317 6514 5790 5293 
S3 21541 15598 10756 8339 6510 4989 4180 3611 3100 2802 
S4 28036 20396 14131 10750 8315 6183 5084 4297 3552 3177 
S5 30840 22940 16051 12338 9550 7165 5974 5050 4325 3847 
S6 
Egan WC 
28323 21000 14357 10963 8536 6435 5297 4531 3790 3414 
Avg. 25992 19362 13666 10704 8516 6590 5594 4848 4163 3768 
STD 3604 2643 1830 1430 1211 1079 1046 980 936 876 
%CV 14 14 13 13 14 16 19 20 22 23 
S1 25853 18234 10548 7811 5845 4221 3440 2931 2685 2589 
S2 17573 11971 7482 5612 4348 3413 3021 2731 2653 2554 
S3 15533 10501 6812 5120 4186 3391 3067 2847 2813 2714 
Avg. 19653 13569 8281 6181 4793 3675 3176 2836 2717 2619 
STD 5465 4107 1992 1433 
US190 
Base 
915 473 230 100 85 85 
%CV 28 30 24 23 19 13 7 4 3 3 
S1-1 32296 23953 17066 13116 10165 7595 6262 5378 4851 4486 
S1-2 32014 23866 16541 12759 9952 7406 6021 5034 4137 3616 
S1-3 33339 24421 16669 12620 9683 7012 5636 4622 3764 3230 
Vinton 
SMA 
Avg. 32549 5973 24080 16759 12832 9934 7338 5011 4251 3777 
S1 30813 21826 14368 11592 8948 6775 5761 5054 4496 4153 
S2 36224 26026 17978 13405 10110 7706 6498 5586 4908 4541 
US190 
BC 
Avg. 33519 23926 16173 12499 9529 7241 6130 5320 4702 4347 
S1 43678 31716 19900 14746 11432 8308 6790 5793 4939 4430 
S2 31543 22101 14029 11181 8756 6679 5693 5060 4567 4246 
LA964 
WC 
Avg. 37611 26909 16964 12964 10094 7493 6241 5427 4753 4338 
* Sample not available 
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      Phase angle of SGC samples at 48 °C 
Phase angle (degree) at different frequency (Hz) Test 
section Mixture 10 5 2 1 0.5 0.2 0.1 0.05 0.02 0.01 
S1 47.9 48.3 44.8 43.7 41.6 38.2 35.7 33.6 31.0 30.4 
S2 48.3 49.1 45.1 44.0 41.6 38.0 35.6 33.5 30.8 29.5 
S3 45.3 46.0 44.2 43.0 41.5 38.7 36.2 33.9 31.6 30.1 
S4 46.4 48.3 46.8 45.5 43.9 40.1 37.7 35.7 32.7 31.6 
S5 * * * * * * * * * * Egan BC 
S6 * * * * * * * * * * 
Avg. 47.0 47.9 45.2 44.0 42.2 38.8 36.3 34.2 31.5 30.4 
STD 1.4 1.3 1.1 1.1 1.1 1.0 1.0 1.0 0.8 0.9 
%CV 3 3 2 2 3 3 3 3 3 3 
S1 41.5 41.6 40.0 38.1 36.7 33.0 31.3 29.5 27.7 26.1 
S2 38.7 38.0 36.1 34.1 32.6 30.3 28.7 27.1 25.5 25.0 
S3 43.9 45.0 43.6 41.9 40.1 37.2 34.7 32.7 30.2 28.6 
S4 42.0 43.7 43.1 42.1 41.2 38.5 36.5 34.7 32.9 30.9 
S5 41.9 43.0 42.1 41.1 40.1 37.3 35.1 33.6 31.1 29.4 
S6 
Egan WC 
42.5 43.9 43.0 41.7 40.7 37.1 35.3 33.4 31.0 29.8 
Avg. 41.7 42.6 41.3 39.8 38.6 35.6 33.6 31.8 29.7 28.3 
STD 1.7 2.5 2.9 3.2 3.3 3.2 3.0 2.9 2.7 2.3 
%CV 4 6 7 8 9 9 9 9 9 8 
S1 48.0 49.3 53.1 51.3 47.7 42.1 38.6 36.2 32.6 31.5 
S2 51.0 51.2 48.6 44.8 41.4 35.8 31.5 27.4 28.5 26.6 
S3 49.9 49.2 43.6 38.6 37.6 31.6 27.9 24.1 24.9 22.3 
Avg. 49.7 49.9 48.4 44.9 42.2 36.5 32.6 29.2 28.7 26.8 
STD 1.5 1.1 4.8 6.4 5.1 5.3 5.4 6.2 3.9 4.6 
US190 
Base 
%CV 3 2 10 14 12 14 17 21 13 17 
S1-1 37.5 39.8 39.8 39.5 39.2 36.8 35.1 33.5 30.9 29.2 
S1-2 37.3 39.5 40.1 39.6 39.1 36.9 35.2 33.8 31.6 30.8 
S1-3 37.5 40.5 41.4 41.3 40.9 39.0 37.7 36.0 33.7 32.4 
Vinton 
SMA 
Avg. 37.4 39.9 40.4 40.1 39.7 37.6 36.0 34.4 32.0 30.8 
S1 42.0 43.6 43.5 27.9 41.6 39.6 35.8 32.8 30.9 30.3 
S2 44.3 44.7 44.1 43.5 41.5 37.8 34.9 32.7 32.5 30.4 US190 BC 
Avg. 43.2 44.1 43.8 42.6 40.6 36.8 33.9 31.8 31.4 29.1 
S1 41.8 43.4 42.5 45.7 42.8 39.3 36.5 37.9 33.8 31.0 
S2 46.1 44.6 43.7 43.5 39.4 34.7 31.3 30.8 27.3 25.8 LA964 WC 
Avg. 43.9 44.0 43.1 44.6 41.1 37.0 33.9 34.3 30.6 28.4 
       * Sample not available 
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  G* of SGC sam les at 60 °C 
G* ( ) at d ent uen z)
p
psi iffer  freq cy (H  Mixture section 10 
Test 
5 2 1 0.5 0.2 0.1 0.05 0.02 0.01 
S1 7380 5655 4531 3886 3415 3044 2839 2687 2546 2480 
S2 6748 5215 4290 3697 3301 2968 2818 2707 2618 2569 
S3 6996 5372 4260 3649 3179 2752 2515 2377 2255 2176 
S4 7703 5861 4574 3898 3370 2938 2703 2536 2363 2296 
S5 * * * * * * * * * * 
S6 * * * * * * * * * * 
Avg. 7207 5526 4414 3782 3316 2926 2719 2577 2445 2380 
STD 421 288 162 128 103 124 148 154 166 178 
Egan BC 
%  6 CV 5 4 3 3 4 5 6 7 7 
S1 8156 6501 5469 4823 4307 3881 3570 3403 3171 3102 
S2 6882 5384 4317 3760 3345 2972 2793 2608 2480 2418 
S3 9546 7436 6037 5217 4603 3855 3601 3475 3244 3091 
S4 8967 6874 5274 4461 3881 3370 3118 2918 2806 2601 
S5 * * * * * * * * * * 
S6 12544 9876 7832 6770 5839 5053 4668 4258 4007 3853 
Avg. 9219 7214 5786 5006 4395 3826 3550 3332 3142 3013 
STD 2110 1666 1301 1122 936 782 709 628 572 557 
Egan WC 
%CV 23 23 22 22 21 20 20 19 18 18 
S1 16783 11119 7821 6086 4930 4104 3715 3449 3326 3275 
S2 5530 4480 3742 3346 3176 2956 2880 2844 2791 2795 
S3 6038 4700 4025 3611 3359 3201 3108 3138 3056 3059 
Avg. 9450 6766 5196 4348 3822 3420 3234 3144 3057 3043 
STD 6355 3771 2278 1511 964 604 432 302 267 241 
US190 
Base 
%CV 67 56 44 35 25 18 13 10 9 8 
S1-1 13369 10546 8631 7468 6408 5491 5024 4633 4184 3939 
S1-2 12488 9664 7587 6342 5332 4475 4050 3705 3366 3199 
S1-3 12013 9250 7082 5920 5001 4133 3651 3314 3001 2791 
Vinton 
SMA 
Avg. 12623 9820 7767 6577 5580 4699 4241 3884 3517 3310 
S1 8732 7169 5747 4941 4501 4009 3793 3630 3513 3435 
S2 11289 8560 6545 5563 4951 4336 4071 3915 3739 3650 
US190 
BC 
Avg. 10010 7864 6146 5252 4726 4172 3932 3773 3626 3542 
S1 13920 10379 7763 6414 5470 4678 4303 3994 3796 3638 
S2 8954 6634 5055 4327 3718 3297 3094 2877 2874 2823 
LA964 
WC 
Avg. 11437 8506 6409 5370 4594 3988 3698 3435 3335 3230 
    * Sample not available 
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    Phase angle of SGC samples at 60 °C 
Phase angle (degree) at different frequency (Hz) M Tee 2 1 0.5 0.2 0 0 0
ixture s
st 
ction 10 5 .1 .05 .02 0.01 
S1 39 8 3 1 29.8 26.8 25.1 23.7 22.1 21.5  .7 3 .2 3 .4 3 .8 
S2 39 7 2 0 28.4 25.6 24.2 22.6 21.1 20.4  .3 3 .1 3 .3 3 .6 
S3 41 0 4 4 31.7 29.8 28.3 27.2 25.4 25.1  .9 4 .5 3 .5 3 .0 
S4 41 0 4 3 31.3 28.7 26.6 25.3 23.6 23.1  .6 4 .2 3 .0 3 .1 
S5 * * * * * * * * * * 
S6 * * * * * * * * * * 
A 0 9 3 2 30.3 27.7 26.0 24.7 23.0 22.5 vg. 4 .6 3 .0 3 .5 3 .4 
STD 1.3 1.6 1.0 1.5 1.5 1.9 1.8 2.0 1.9 2.1 
Egan BC 
% 3 4 3 5 5 7 7 8 8 9 CV 
S1 36 5 1 9 28.3 24.5 23.1 22.0 21.1 20.9  .0 3 .1 3 .2 2 .4 
S2 40 7 4 1 29.6 26.3 24.3 22.7 21.2 20.8  .0 3 .9 3 .0 3 .5 
S3 38 7 3 1 30.1 27.3 25.7 24.4 22.7 22.1  .1 3 .1 3 .3 3 .7 
S4 39.4 38 5 2 30.0 27.0 25.1 23.7 21.7 21.3 .2 3 .0 3 .5 
S5 * * * * * * * * * * 
S6 35 4 28.5 24.9 23.1 22.3 20.3 19.6  .4 3 .7 31.6 30.1 
A 7 6 29.3 26.0 24.2 23.0 21.4 20.9 vg. 3 .8 3 .6 33.0 31.0 
STD 2.1 1.6 1.6 1.3 0.8 1.2 1.2 1.0 0.9 0.9 
E
% 5 4 5 4 3 5 5 4 4 4 
gan WC 
CV 
S1 45.3 46 2 8 35.7 29.7 26.3 22.8 23.0 22.7  .1 4 .3 3 .2 
S2 38 3 9 7 23.9 21.9 20.3 21.0 21.0 20.0  .4 3 .8 2 .9 2 .7 
S3 37 5 0 9 25.7 22.7 21.7 23.4 21.8 21.4  .5 3 .2 3 .6 2 .5 
A 0 8.4 34 1 28.4 24.8 22.8 22.4 21.9 21.4 vg. 4 .4 3 .3 3 .8 
STD 4.3 6.7 7.0 5.6 6.4 4.3 3.2 1.3 1.0 1.3 
U
B
% 11 18 20 18 22 17 14 
S190 
ase 
CV 6 5 6 
S1 4 3 9 8 27.5 25.0 23.7 22.5 21.1 20.8 -1 3 .2 3 .8 2 .6 2 .8 
S1 7 7 4 3 31.7 29.0 27.2 25.5 24.2 23.1 -2 3 .9 3 .9 3 .0 3 .2 
S1 9 9 5 4 33.7 30.2 28.9 27.7 26.1 25.2 -3 3 .7 3 .3 3 .7 3 .8 
V
S
A 7 7 3.1 32 31.0 28.1 26.6 25.2 23.8 23.1 
inton 
MA 
vg. 3 .3 3 .0 3 .2 
S1 38 1 3.2 30 26.2 24.3 22.6 23.8 22.9 21.7  .1 3 .5 3 .0 
S2 40 8 4 1 2 2 2 2 2 .5 3 .2 3 .0 3 .8 7.4 4.9 2.9 2.9 1.6 20.9 
US190 
BC 
A 9 4 3 0 2 2 2 2 2vg. 3 .3 3 .9 3 .6 3 .9 6.8 4.6 2.7 3.3 2.2 21.3 
S1 40 6 3 2 2 2 2 2 2 .0 3 .0 3 .7 3 .3 8.8 5.0 2.3 0.1 0.9 19.1 
S2 42 9 4 0 2 2 2 1 2 .0 3 .8 3 .9 3 .1 9.0 5.4 3.0 7.8 1.9 20.7 
LA964 
WC 
Avg. 41.0 37 4 1 2 2 2 1 2.9 3 .3 3 .2 8.9 5.2 2.6 8.9 1.4 19.9 
      * Sample not available 
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 G* of roadway cores at 48 °C 
G* (psi) at different frequency (Hz) Mixture Test section 10 5 2 1 0.5 0.2 0.1 0.05 0.02 0.01 
S1 11546 8537 5933 4729 3908 3221 2917 2699 2549 2495 
S2 14194 9957 6882 5421 4426 3612 3213 2917 2703 2557 
S3 13890 9639 6501 5048 4054 3252 2882 2609 2386 2238 
S4 13170 9516 7045 5835 4836 4014 3560 3314 2983 2874 
S5 16 390 4401 4 3177 2903 189 11697 8243 6674 5 3870 350
S6 18749 13227 8869 6980 5568 4412 3850 3470 3004 2790 
Avg. 14623 10429 7245 5781 4697 3819 3382 3085 2800 2643 
STD 2521 1714 1103 896 688 539 444 395 304 259 
Egan BC 
14 %CV 17 16 15 15 15 13 13 11 10 
S1 14171 10341 7448 5999 4975 4005 3596 3230 2939 2744 
S2 14361 10393 7468 5922 4788 3875 3346 2989 2672 2482 
S3 13761 10214 7438 5995 4949 4004 3539 3176 2836 2681 
S4 14552 10573 7482 5957 4797 3845 3354 2990 2686 2491 
S5 17377 12644 8689 6864 5547 4473 3869 3502 3123 2824 
S6 14324 10311 7150 5607 4553 3574 3110 2807 2512 2320 
Avg. 14758 10746 057 4935 3963 7613 6 3469 3116 2795 2590 
STD 1310 938 542 422 336 296 260 242 218 190 
Egan WC 
%CV 9 9 7 7 7 7 7 8 8 7 
S1 13200 8622 5462 4151 3542 2975 2750 2594 2528 2460 
S2 16044 10548 6772 5079 4126 3425 3105 2991 2861 2788 
S3 16781 11574 7842 6069 4837 4027 3610 3382 3218 3141 
Avg. 15342 10248 6692 5100 4168 3476 3155 2989 2869 2796 
STD 1891 1499 1192 959 649 528 432 394 345 341 
US190 
Base 
19 16 15 14 13 12 12 %CV 12 15 18 
S1-1 22873 16738 12341 9809 7955 6341 5518 4909 4406 4077 
S1-2 23131 17023 11740 9144 7258 5508 4705 4096 3483 3215 
S1-3 23056 17173 12468 9871 7953 6192 5293 4628 4042 3549 
V o
SMA 
08 7722 6014 5172 4544 3977 3614 
int n 
Avg. 23020 16978 12183 96
S1 31467 22849 16277 12250 9535 7366.2 6228 5474 4904 4482 
S2 26390 19475 12614 9295 7300 5411.5 4488 3873 3446 3176 
U 9S1 0 
BC 
Avg. 28928 21162 14445 10772 8417 6388.9 5358 4674 4175 3829 
S1 23417 16399 10438 8032 6623 5287.1 4616 4263 3877 3640 
S2 17993 13497 9451 7756 6413 5221.7 4612 4210 3867 3689 
LA964 
WC 
4614 4237 3872 3665 Avg. 20705 14948 9945 7894 6518 5254 
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     a Ph se angle of roadway cores at 48 °C 
Phase angle (degree) at different frequency (Hz) Mixture Test section 10 5 2 1 0.5 0.2 0.1 0.05 0.02 0.01 
S1 50.2 49.0 44.5 42.1 39.9 37.0 34.7 32.6 30.6 29.3 
S2 50.2 49.3 44.0 41.9 39.3 35.8 33.1 30.9 29.1 27.3 
S3 50.3 50.0 45.3 42.9 40.1 36.4 33.5 31.3 28.9 27.5 
S4 45.9 45.3 39.5 37.9 35.6 32.7 30.7 29.0 26.7 26.2 
S5 47.8 47.3 42.6 40.4 38.1 34.2 32.3 30.5 28.4 27.1 
S6 48.0 48.6 46.0 43.6 41.1 36.6 34.7 32.8 30.9 28.7 
Avg. 48.8 48.2 43.6 41.5 39.0 35.5 33.2 31.2 29.1 27.7 
STD 1.8 1.7 2.3 2.0 2.0 1.7 1.5 1.4 1.5 1.1 
Egan BC 
%CV 4 4 5 5 5 5 5 5 5 4 
S1 45.4 45.3 41.6 39.2 37.7 33.5 31.8 30.0 27.8 26.8 
S2 47.0 47.1 42.2 40.0 38.0 34.4 31.9 29.5 27.9 26.1 
S3 45.0 44.5 41.1 38.4 37.1 33.0 30.9 29.4 27.3 26.5 
S4 44.8 45.5 42.4 40.1 38.5 34.4 32.3 30.6 28.1 26.7 
S5 46.0 45.9 43.2 40.9 39.3 35.1 32.5 31.0 28.2 26.9 
S6 46.2 46.0 43.0 41.0 38.8 34.6 32.5 30.5 28.3 27.0 
Avg. 45.7 45.7 42.2 40.0 38.2 34.2 32.0 30.2 27.9 26.7 
STD 0.8 0.9 0.8 1.0 0.8 0.8 0.6 0.6 0.4 0.3 
Egan WC 
%CV 2 2 2 2 2 2 2 2 1 1 
S1 53.2 51.5 46.9 42.8 36.1 30.4 27.3 27.1 24.8 23.7 
S2 53.3 51.9 46.6 41.6 37.9 31.2 27.7 25.2 24.8 23.1 
S3 49.7 48.2 44.8 40.0 36.7 30.9 27.3 23.8 24.8 23.7 
Avg. 52.1 50.6 46.1 41.4 36.9 30.8 27.4 25.4 24.8 23.5 
STD 2.0 2.0 1.1 1.4 0.9 0.4 0.2 1.7 0.0 0.4 
US190 
Base 
%CV 4 4 2 3 2 1 1 7 0 2 
S1-1 40.3 41.8 38.4 37.1 35.5 33.1 30.7 29.4 27.4 26.2 
S1-2 41.9 43.0 41.6 40.3 39.1 36.0 33.8 31.6 29.8 28.2 
S1-3 41.0 41.7 39.7 38.6 37.5 34.2 32.5 30.8 29.0 27.8 
V
SMA 
Avg. 41.1 42.2 39.9 38.6 37.4 34.4 32.4 30.6 28.7 27.4 
inton 
S1 42.6 43.5 41.8 39.9 38.2 34.6 31.7 28.5 28.7 26.6 
S2 42.8 42.0 44.5 46.0 41.9 38.9 35.7 34.8 32.4 29.9 US190 BC 
Avg. 42.7 42.7 43.1 42.9 40.1 36.7 33.7 31.7 30.6 28.2 
S1 45.6 44.1 41.3 42.0 36.7 31.5 28.2 30.4 24.8 23.1 
S2 37.3 37.2 35.0 35.3 32.5 28.6 25.9 24.5 23.1 21.1 LA964 WC 
Avg. 41.5 40.6 38.2 38.7 34.6 30.0 27.1 27.4 23.9 22.1 
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  G* of roadway cores at 60 °C 
G* (psi) at different frequency (Hz) Mixture Test section 10 5 2 1 0.5 0.2 0.1 0.05 0.02 0.01 
S1 6231 4740 3663 3146 2773 2477 2322 2219 2126 2098 
S2 5351 4174 3304 2866 2538 2265 2135 2029 1969 1922 
S3 4571 3773 3032 2697 2396 2159 2039 1971 1896 1848 
S4 5183 4032 3481 3146 2865 2610 2492 2380 2300 2200 
S5 7014 5599 4524 4069 3637 3293 3084 2938 2813 2729 
S6 5076 4017 3199 2820 2524 2310 2182 2087 1979 1954 
Avg. 5571 4389 3534 3124 2789 2519 2376 2271 2180 2125 
STD 890 675 532 497 450 411 381 359 341 322 
Egan BC 
%CV 16 15 15 16 16 16 16 16 16 15 
S1 4841 3947 3312 2996 2770 2516 2415 2289 2248 2171 
S2 5494 4433 3798 3440 3130 2861 2713 2592 2536 2427 
S3 5164 4256 3528 3220 2904 2626 2503 2350 2296 2277 
S4 5901 4853 3987 3574 3244 2923 2777 2657 2538 2498 
S5 6792 5458 4420 3920 3494 3173 2980 2852 2768 2707 
S6 4005 3242 2678 2412 2206 2031 1952 1878 1860 1816 
Avg. 5366 4365 3621 3260 2958 2688 2557 2436 2374 2316 
STD 949 760 600 521 448 396 358 343 315 307 
Egan WC 
%CV 18 17 17 16 15 15 14 14 13 13 
S1 5945 4809 4179 3753 3530 3374 3289 3257 3203 3211 
S2 6040 4699 3668 3247 3107 2854 2779 2793 2645 2678 
S3 6957 5153  3070 3052 2991 2988 4360 3736 3509 3208
Avg. 6314 4887 4069 3579 3382 3145 3046 3034 2946 2959 
STD 559 237 359 287 239 266 256 233 281 268 
US190 
Base 
%CV 9 5 9 8 7 8 8 8 10 9 
S1-1 8129 6492 5292 4619 3997 3546 3293 3151 2990 2834 
S1-2 10804 8459 7369 6484 5670 4956 4578 4243 3928 3729 
S1-3 8097 6385 5036 4339 3746 3278 3023 2807 2637 2464 
Vinton 
SMA 
Avg. 9010 7112 5899 5147 4471 3927 3631 3400 3185 3009 
S1 8623 7191 5232 4594 4193 3808 3596 3453 3348 3260 
S2 11039 8729 6739 5882 5336 4767 4432 4269 4084 3978 
US190 
BC 
Avg. 9831 7960 5986 5238 4764 4288 4014 3861 3716 3619 
S1 7967 6067 4515 3903 3521 3125 2940 2868 2776 2722 
S2 7497 5903 4675 4188 3891 3520 3353 3291 3177 3105 
LA964 
WC 
Avg. 7732 5985 4595 4045 3706 3323 3146 3079 2977 2914 
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      Phase angle of roadway cores at 60 °C 
Phase angle (degree) at different frequency (Hz) Mixture Test section 10 5 2 1 0.5 0.2 0.1 0.05 0.02 0.01 
S1 44.0 41.4 35.9 33.8 31.7 28.9 27.1 25.8 24.0 23.3 
S2 43.3 27.2 25.9 24.4 23.2 40.8 34.7 33.6 31.6 28.7 
S3 41.8 38.8 33.4 33.3 31.7 29.9 28.7 27.5 26.5 25.8 
S4 38.8 35.0 32.2 31.0 29.4 27.0 26.1 24.8 23.5 22.9 
S5 40.1 37.9 31.0 30.8 29.0 25.6 24.5 23.0 22.0 21.6 
S6 41.1 39.1 34.2 31.9 30.0 27.2 25.6 24.6 23.2 22.7 
Avg. 41.5 38.9 33.6 32.4 30.6 27.9 26.5 25.3 23.9 23.2 
STD 2.0 2.3 1.7 1.3 1.3 1.6 1.5 1.5 1.5 1.4 
Egan BC 
%CV 5 6 5 4 6 5 6 6 6 4 
S1 37.4 35.9 31.0 29.6 28.6 25.0 24.2 23.2 22.1 20.9 
S2 36.3 34.4 30.2 28.4 27.9 24.2 22.9 21.8 20.5 20.1 
S3 37.2 35.3 31.8 29.6 29.0 26.1 24.4 23.6 22.0 20.9 
S4 34.9 33.7 30.6 28.9 27.9 24.8 23.3 22.1 21.4 20.5 
S5 36.4 34.3 30.4 28.6 26.4 23.5 21.9 21.2 19.5 19.2 
S6 38.9 35.8 30.4 28.2 25.5 23.2 22.0 21.2 20.3 20.1 
Avg. 36.9 34.9 30.7 28.9 27.5 24.5 23.1 22.2 21.0 20.3 
STD 1.3 0.9 0.6 0.6 1.3 1.1 1.0 1.0 1.0 0.6 
Egan WC 
%CV 4 3 2 5 4 5 5 5 3 2 
S1 37.0 32.7 23.1 18.9 20.8 18.8 17.4 17.9 17.6 16.8 
S2 42.4 38.6 33.5 31.4 26.7 24.0 22.0 25.0 22.7 20.4 
S3 40.7 39.8 33.6 31.3 27.4 25.2 23.5 24.0 23.0 22.1 
Avg. 40.0 37. 2.7 21.0 22.3 21.1 19.8 0 30.1 27.2 25.0 2
STD 2.8 3.8 6.1 7.2 3.6 3.4 3.2 3.9 3.0 2.7 
US190 
Base 
%CV 7 10 20 26 14 15 15 17 14 14 
S1-1 38.6 37.3 32.5 31.5 30.1 26.8 25.4 23.9 22.4 22.3 
S1-2 36.4 35.9 30.4 29.8 28.7 25.4 23.4 22.6 21.4 20.5 
S1-3 40.0 38.7 34.1 33.0 31.7 28.1 26.6 25.2 23.5 23.8 
Vinton 
SMA 
Avg. 38.3 37.3 32.4 31.4 30.2 26.8 25.1 23.9 22.4 22.2 
S1 39.5 35.3 32.7 29.9 25.8 23.4 21.8 21.0 21.5 20.7 
S2 35.7 33.1 28.6 28.4 24.5 22.3 20.7 21.8 20.2 19.2 US190 BC 
Avg. 37.6 34.2 30.7 29.2 25.1 22.8 21.2 21.4 20.9 19.9 
S1 41.1 38.2 33.0 31.9 27.8 24.3 22.5 22.1 20.9 20.2 
S2 34.0 31.1 27.2 27.1 23.5 20.4 18.9 20.7 18.3 17.2 LA964 WC 
Avg. 37.5 34.7 30.1 29.5 25.6 22.3 20.7 21.4 19.6 18.7 
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APPENDIX B: PSPA OPERATION PROCEDURE 
 
PSPA (as shown in Figure 1) was used in this project to investigate the AC layer 
odulus in the field. The following procedure was followed when operating the PSPA in the 
field test. 
m
 
Computer with 
control software
Figure 1 Potable Seismic Pavement Analyzer (PSPA) 
1. Prepare PSPA for field test 
• SPA 
SPA and the laptop are 
charged. 
itch should be turned on only after connecting the PSPA tether to 
Make sure the computer is turned off. And make sure the power switch on the P
electronics box is off (in the “off” position the toggle switch points toward the outer 
edge of the electronics box). Make sure the batteries of P
• Connect the PSPA to the laptop using the PSPA tether. 
• The PSPA power sw
the computer. 
Receivers
Source 
Transducer
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• Turn on the laptop and the PSPA. Open the SPA manager in laptop and start a new 
eck the PSPA to make sure the correct instrument is connected to the computer 
(sensor spacing and serial number). 
ost effective thickness range of measurement with PSPA is between 1/2 the 
ers. Adjust the receiver spacing 
ent surface and push the source cylinder (the one that is 
ounces back instead of staying in 
place, open the two end knobs and then let trapped air out. 
2. Field operation 
ore than that) and then set 
d gently push the source down. Make sure good contact 
 and receivers) and the pavement surface. 
als and make sure that the black and green records 
tle (or find a smoother surface) and set it down as the previous step. 
application or the last project. 
• Ch
• The m
spacing to twice the spacing of the two receiv
according to the thickness of the layer being measured. 
• Place PSPA on the pavem
farthest from the electronics box) down gently. If it b
• At each test point, pull the receivers 1/8 inch down (not m
the electronics box down an
between the sensors (source
• Run the test and look at the sign
contain a quiet period at the beginning followed by a nice sine-wave looking record. If 
the signal is bad, there is not good contact between the PSPA and pavement surface. 
Move PSPA a lit
Run the test again and check the signal. Repeat the process until the signal is good.  
• Run the test two times at one point. PSPA is parallel to the traffic at the first test and 
perpendicular to the traffic at the second test. The average of the two test results is 
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considered the final result of the point. The test results include pavement surface 
temperature and the modulus of the top layer. 
 
3. Test signal examples (good and bad) 
Examples of good signal and bad signal are shown in Figure 2 through Figure 5 
respectively. It is noted that the good signal has sine-wave looking record for the two 
receivers (green and black curves), and the bad signal had two spikes at the beginning and the 
end of record for the source (red curve), which means the source is not in good contact with 
the pavement. Also. The corresponding dispersion curve in data reduction is smooth for good 
signal and jagged for bad signal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Good test signal 
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Figure 3 Good test data reduction 
 
 
Figure 4 Bad test signal 
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Figure 5 Bad test data reduction 
 
4. Representative frequency of PSPA 
PSPA is a broadband te frequencies). The most 
representative frequency is equal to the velocity of propagation divided by half the thickness 
of the layer. The velocity of propagation can be calculated from the following equation 
knowing the modulus E and assuming the Poisson’s ratio ν: 
st method (it contains a wide range of 
[ ]2)16.013.1()1(2 VE ννρ −+=  
The layer thickness can be obtained from designed pavement structure or roadway cores. 
 
 
 
 
   APPENDIX C: THE SOLVER PROCEDURE FOR SIGMOIDAL FUNCTION 
can be expressed in the following equation: 
 
1. Conduct binder viscosity test at different temperatures after RTFO aging. The viscosity as 
function of temperature 
RTVTSA logloglog +=η  
where: 
      η = viscosity, cp 
tibility 
            
                  TR = temperature, Rankine 
                  A = regression intercept 
                  VTS = regression slope of viscosity-temperature suscep
2. The shifter factor of as a function of temperature can be expressed in the following 
equation: 
( )[ ] [ ])log(10log 25log RTFOTRVTSAcTa η−= +  
where: 
     a(T) = shift factor as a function of temperature 
temperature of 25 °C for RTFO aging 
ed in the following equation: 
]
              
                   Η25RTFO = viscosity at the reference 
                   c = fitting parameter 
3. Master curve can be express
[{ })log10)log( log1 RTVTSAce ωγβ (*)log( RTFOE η
αδ −++ +++=  
                 ω = loading frequency 
where: 
                   E* = dynamic modulus 
  
 168
                  δ, α, β, γ = fitting parameters 
4. Conduct dynamic modulus test at –10, 4, 25, 38, and 54 °C and at loading frequency of 25, 
10, 5, 1, 0.5, 0.1 Hz for each temperature. Obtain the modulus at each temperature and 
frequency combination. 
5. Input the original dynamic modulus test data and the Rankine temperature to the 
spreadsheet. Fitting parameters (δ, α, β, γ, and c) as well as A and ATS are also input to the 
according cells as shown in the Figure 1.  Input the master curve sigmoidal function for the 
predicted modulus column (M) as shown in Figure 1.  
 
Figure 1 Spreadsheet of the input data 
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6. Go to “tools” and then “Solver” function in the spreadsheet to open the Solver dialog box 
as shown in Figure 2. In the Solver dialog box, input constraints including the range of δ, α, β, 
γ and predicted dynamic modulus equal to the original dynamic modulus by changing fitting 
parameters of δ, α, β, γ, and c. 
 
Figure 2 Dialog box of Solver function 
7. Click “Option” button in the Solver dialog box and choose the according set up parameters 
including m  Figure 3. 
fter finishing set up the parameters “Option” box, click ok to go back to the Solver function 
ialog box. 
ax time, iteration, precision, tolerance, convergence etc, as shown in
A
d
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Figure 3 Set up in Option dialog box in Solver function 
. Click Solve button. Solver will find optimum function for the master curve for the test data. 
he predicted function and the original data after shifting can be plotted together to check the 
 the sigmoidal function as shown in Figure 4. Sometimes Solver can not find 
e optimum function. Simply input some other initial values for δ, α, β, γ, and c in the 
asonable ranges and solve again. Usually, a good fitting sigmoidal function can be obtained 
fter a few times of solving practice as long as the test data are reasonable. 
 
8
T
fitting quality of
th
re
a
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Figure 4 Visual check of the fitting results 
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APPENDIX D: SHIFTING OF PSPA MODULUS USING MASTER CURVE 
 
1. Conduct PSPA test on AC layer of a mixture and correct the modulus to 25 °C using the 
following to equations: 
 
T
EE T ×−= 014.035.125                                                           (1) 
Where, 
                                       EB25 B = modulus at 25 °C, MPa 
                                       EBTB = modulus at test temperature, MPa 
                                       T = pavement mid depth temperature, °C 
The pavement mid depth temperature was obtained using BELLS3 (Lukanen et al., 2000) 
model as shown in the following equation: 
        T = 0.95 + 0.892 × IR + {log (d) – 1.25}{-0.448 × IR + 0.621 × (1-day) 
               + 1.83 × sin (hr18 – 15.5)} + 0.042 × IR×sin (hr18- 13.5)                           (2) 
Where, 
         T = Pavement temperature at depth d, °C 
         IR = Infrared surface temperature, °C 
         log = Base 10 logarithm 
         d = Depth at which mat temperature is to be predicted, mm 
         1-day = Average air temperature the day before testing, °C 
         sin = Sine function on an 18-hr clock system, with 2π radians equal to one 18-hr cycle 
         hr18= Time of day, in 24-hr clock system, but calculated using an 18-hr asphalt concrete     
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2. Obtain the E* master curve of the mixture at reference temperature 25 °C and the function 
for the master curve. Plot the master curve and the PSPA test data as shown in Figure 1. Shift 
the master curve downward according to the difference between the PSPA modulus and the 
E* of SGC samples at the same frequency.  
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Figure 1 Shift the maser curve according to PSPA test results 
 
3. Shift the PSPA modulus along the shifted master curve to the laboratory test frequency (25 
°C) such as ITMr (10 Hz) as shown in Figure 2. 
4. To compare PSPA modulus with ITMr at 5 °C and 40 °C, the shift factor for the mixture as 
shown in Figure 3, is used to move the shifted PSPA modulus at 25 °C horizontally to the 
distance of shift factor at the according temperature (-1.734 for 40 °C and 2.602 for 5 °C), as 
shown in Figure 4. 
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Figure 2 Shift PSPA modulus along the shifted master curve 
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Figure 3 Shift factor for the mixture at reference temperature of 25 °C 
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Figure 4 Shift PSPA modulus at 25 °C to 5 °C and 40 °C 
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